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Abstract

This thesis examines landscape diversity within alluvial valley floors using the case

study of a Scottish wandering gravel-bed river. The thesis aims are two-fold; firstly

to investigate the spatial and temporal patterns of valley floor landscape diversity

within semi-natural environments, and secondly to develop a methodology for

quantifying alluvial valley floor landscape diversity in space and time. The diversity

analysis involves quantifying the spatial patterns of geo-, pedo- and biodiversity

(flora) within floodplain zones which have been exposed to approximately 100

years of recovery since flood embankment abandonment along the most active

reaches of the river. In addition historical records including aerial photographs,

maps and narrative accounts were used to assess the temporal patterns of the

diversity of landscape patches and how they have changed through time using a

series of landscape indices. The analysis thus accounts for the role of river channel

change in producing a complex mosaic of land cover types within alluvial valley

floors.

The spatial analysis revealed that landscape diversity tends to be greater in the

perpendicular orientation to the main channel, i.e. along an aquatic-to-terrestrial

environmental gradient. The temporal analysis results revealed that the landscape

over the last 50 years has changed from being dominated by few relatively large

isodiametric patches to a landscape dominated by small irregular shaped patches.

Thus although landscape patch richness has increased along with an increase in land

cover types through time, the landscape patches have also become more fragmented.

The major outcomes of the research are the deriving of quantitative results of the

spatial and temporal patterns of floodplain landscape diversity, an evaluation of the

role of channel dynamics in creating the diverse mosaic of land cover types, the

identification of the environmental controls and supporting floodplain habitats of a

number of rare species and a proposed methodology for assessing landscape

diversity to be validated on other river systems.
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Chapter 1: Introduction

1.1. The ecological importance of riparian and floodplain landscapes

Riparian and floodplain landscapes have been reported to be one of the most

species rich habitats in temperate climates (Gregory et al., 1991; Malanson,

1993; Naiman and Décamps, 1990; Peterson et aI., 1987). Riparian zones have

also been recognised for their importance in maintaining the ecological

integrity and diversity of aquatic systems (Decamps and Tabacchi, 1993;

Hynes, 1975; Peterson et al., 1987; Salo, 1990; Ward, 1998). However,

despite diversity being a key ecological issue at present, little is known about

the spatial patterns of plant community diversity within floodplains and

riparian zones, or the processes creating and maintaining these habitats

(Décamps and Tabacchi, 1993; Tabacchi et al., 1996). The high species

richness within floodplains is considered to be a consequence of the spatial

heterogeneity resulting from the geomorphic processes operating within the

valley floor (Tabacchi et al., 1996). In particular the elevation of the

landforms above mean water level is a primary control on diversity as this

determines the frequency and duration of flooding (Décamps et al., 1988).

Species richness on floodplains has also been reported to be influenced by the

velocity of the river, flood magnitude and frequency, and the mean discharge

(Nilsson et al., 1989; Roberts and Ludwig, 1991; Stromberg and Patten, 1990).

Salo et al. (1990) stated that the fluvial dynamics of the river system are

fundamental in creating and maintaining high biodiversity. In addition, the

interaction between rivers and their floodplain are of great ecological



significance with regard to diversity (Heiler et al., 1995). A glossary of the

terminology applied herein is given in Appendix 1.

Much of the heterogeneity within floodplain environments has been lost as a

result of cultural land use practices (e.g. Bravard et al., 1986; Kondolf and

Larson, 1995, Perts and Amoros, 1996b) causing riparian zones to become

increasingly fragmented habitats. Rivers have been exploited more so than

almost any other natural ecosystem (Boon, 1992), altering the natural

functions and diversity of river systems. The construction of flood

embankments in order to utilise the floodplain has prevented channel mobility

and resulted in a loss of multiple channels, point bars, mid-channel bars and

mid-channel islands within fluvial environments (Bravard and Petts, 1996).

The connectivity of the river and its floodplain is consequently lost,

eliminating the ecotone between the aquatic and terrestrial environments,

which results in a loss of diversity (Petts and Amoros, 1996b; Ward, 1998). It

is therefore necessary to undertake research into floodplain habitats and to

manage these ecosystems in a sustainable way.

The recognition of the ecological value of floodplain landscapes has raised

awareness that river systems need to be rehabilitated in order to re-establish

the connectivity of the channel to its floodplain (Nilsson and Brittain, 1996). A

'Wild Rivers' initiative has since been established in Scotland to address the

changes that need to be made to the management practices of floodplains

(Gilvear et aI., 1995a). It is fundamental to examine and understand the

functioning of the fragments of semi-natural floodplain landscapes that remain
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in order to plan successful restoration projects (Nilsson et al., 1991). Nilsson

(1996) further reports that research into successful remediation of river

systems needs to incorporate studies into the structure, function and the

assemblage of the riparian plant communities. The main focus of this research

is orientated towards examining the spatial and temporal patterns of diversity

of the major landscape components, namely a) geomorphic landform, b)

pedological properties and c) vegetation types, as these are the key factors

determining landscape diversity patterns within riverine ecosystems (Ward,

1998). In addition, to fully quantify heterogeneity within the landscape,

Aspinall (1996) states that diversity should be quantified for all components of

the landscape.

1.2. Rationale: aims and objectives

The research aims of this thesis are two-fold. Firstly to investigate the spatial

and temporal patterns of valley floor landscape diversity of a wandering

gravel-bed river; a river type typical of Scottish rivers within semi-natural

environments (see Figure 1. 1). This will be achieved by quantifying the

diversity of the flora and the number of vegetation types, soil/substrate

heterogeneity, and the range of landforms within the study areas. This

approach to diversity analysis therefore accounts for the intrinsic properties of

a landscape, which are not obvious at the surface level, but are equally

important for landscape ecological value. The research wil also incorporate

the role of river channel change in inducing habitat diversity within the
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floodplain zones. With the aid of historical records, the temporal change in

diversity of the habitat patches will be quantified. The second research aim of

the thesis is to develop a methodology for quantifying alluvial valley floor

landscape diversity in space and time (see Figure 1.2).

Figure 1.2: Flow diagram detailing the aims of the thesis and how they are

achieved by addressing the various components of the objectives to arrive at

the overall aim to propose a protocol for floodplain landscape diversity

assessment.

To quantify patterns of To investigate the
landscape diversity within interrelationships between

alluvial valley floors the landscape components

.. ' ,

Spatial Temporal Identif; inter-

analysis analysis relationships

,

Determine patch Identify
richness and controls
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Patch Examine Produce predictive
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character, heterogeneity
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~, ,

Assessment of landscape
character and spatial and
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,

Protocol for the assessment of landscape diversity within alluvial valley floors
I
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1.2.1. Hypotheses.

Within the context of the two aims of this thesis the research wil also test a

number of scientific hypotheses. These are:

1. a) Geomorphic landform heterogeneity is a major control on the botanical

and pedological diversity within semi-natural zones within alluvial valley

floors.

b) Plant community type, vegetation composition and species diversity

respond to an environmental gradient of elevation, substrate particle size

and soil depth within alluvial valley floors.

2. The scale and pattern of botanical and pedological variation mirrors the

scale and pattern of geomorphic landforms within alluvial valley floors.

3. Partial stabilisation of the floodplain land units as a result of river

regulation increases landscape and botanical diversity within floodplain

environments.

1.3. Study area: River Tummel. Scotland

The River Tummel, near Pitlochry, Perthshire (Figure 1.1a) is a large and

active wandering gravel-bed river. The river has a wide floodplain resulting

from a long history of channel change, which is well documented over the past

250 years (Gilvear and Winterbottom, 1992; 1998; Winterbottom, 1995). The

patterns of channel change and vegetation development are ilustrated in Plates

1.1 and 1.2 showing aerial photographs of the study areas since 1946. The
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Tummel catchment is mountainous in nature with its origin at Loch Rannoch

in the western highlands. This valley receives a precipitation input ranging

from more than 1 700 mm in the headwaters, to less than 800 mm in the

eastern reaches of the catchment (Gilvear and Winterbottom, 1998; Bryant and

Gilvear, 1999). Within the upper reaches of the catchment the low

temperatures and high rainfall result in low evapo-transpiration rates, this

coupled with thin soils and impermeable geology result in very high runoff.

Consequently the River Tummel responds rapidly to high rainfall and

snowmelt. The wettest month within this catchment is December (134 mm),

with snow cover on the mountains contributing to high flow in early spring,

and the driest month is April (80 mm) (Gilvear and Winterbottom, 1998). The

River Tummel has a mean annual discharge of 70 m3 S.l (Bryant and Gilvear,

1999) and is a major tributary to the River Tay.

The ecological importance of the floodplains of the Rivers Tay and Tummel

was first recognised and reported by Coates (1906; 1915). He described high

levels of biodiversity on the floodplain at the confluence of the two rivers,

where the river was unconstrained at the beginning of 20th century. Coates

(1906; 1915) described the successional sequences occurring within the

riparian areas as pioneer communities dominated by Sarothanmus scoparius,

to herbaceous vegetation through to broad-leaved wooded islands. Knowledge

of the vegetation changes within the Tummel valley is restricted, and is most

accurately documented through aerial photograph interpretation, of which the

earliest photograph is from 1946. However, Atholl Estate maps from the

1820's show that 57% of the floodplain was arable land, and only 6.5% of the
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floodplain to be natural woodland vegetation (Gilvear and Winterbottom,

1998). Coates identified five landform units during his studies, consisting of

upper haughland i, lower haughland, islands, gravel bars and backwaters, and a

species richness of 153 plants (Gilvear and Winterbottom, 1998). Of these

species, a total of 75 species were unique to one landform unit and only 2

species were present in all zones (Gilvear and Winterbottom, 1998),

emphasising the importance of topographic heterogeneity within floodplain

zones. Coates also highlighted the influence of the asymmetrical shape of the

gravel islands, which promote channel incision on one side, and accretion of

sediment and woody debris on the other.

Historical records indicate that the River Tummel has always been dynamic in

nature. Lateral instability is evident from the analysis of old maps and

accounts of the river, and even 'to this day it is a characteristic of this river

(Gilvear and Winterbottom, 1992; 1998). Early maps show the river to be

multi-channelled with numerous mid-channel islands during the 18th and 19th

centuries (Gilvear and Winterbottom, 1992). However, due to the 'wild'

nature of this river, efforts were made during the late 1700's and 1800's to

tame the river by constructing embankments along the most active reaches.

This had the effect of confining the channel to a single course, and promoting

the stabilisation of the gravel islands. In addition, the removal of riparian

woodland in order to utilise the floodplain caused channel widening (Coates,

1906; Gilvear and Winterbottom, 1992). The dominant processes operating to

cause the lateral migration of the channel across the floodplain are bank

i Haughland is a Scottish term to describe low-lying areas, typically alluvial riverside

meadows.
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erosion and sediment deposition. Channel avulsion is also a feature of this

river, whereby the river changes course whilst leaving the floodplain in

between untouched. Records of constructing flood defence along the river date

back to 1733 (Gilvear and Winterbottom, 1998). Atholl Estate maps from the

1820' s show litte evidence of bank protection along the River Tummel

(Gilvear and Winterbottom, 1992). However, following a major flooding event

in 1837, the Duke of Atholl authorised flood protection along the banks of the

River Tummel. The estate accounts show that vast sums of money were

invested into the construction of flood embanking along the River Tummel

between 1838 and 1850 (Gilvear and Winterbottom, 1992; 1998). The flood

protection scheme was very extensive, and most of the Tay and Tummel had

been embanked by the end of the 19th century (Gilvear and Winterbottom,

1992). Embankment breaches were common due to high stream power and

rates of sediment movement during floods. Repairs of the breaches were

costly, consequently the landowner made the decision to allow the

embankments to fall into disrepair along the most active reaches following

extensive flooding in 1903 (Gilvear et al., 1994). The river has since returned

to a more natural planform, thus permitting channel instability and channel

change over the past 95 years. The river currently occupies one main channel,

but a number of secondary channels are activated at high flow, and backwaters

are also present. Within recent years however, rip-rap bank protection has had

to be installed to prevent bank erosion adjacent to the railway line. Like many

Scottish rivers, the River Tummel has its flow regime regulated by a hydro-

electric dam. The dam at Pitlochry was constructed between 1950-1955

(Gilvear and Winterbottom, 1992; 1998).
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Floodplain habitat diversity along the River Tummel has thus been affected

due to partial loss of the disturbance regime with the regulation of the river,

and the flood protected riparian areas were converted to agricultural land use.

Examination of the historical records show that there has been a reduction in

the number of mid-channel islands from 21 during 1747-53 (Gilvear and

Winterbottom, 1998) to just 7 islands in 1994. However, where the flood

embankments have been allowed to fall into disrepair, channel instability and

semi-natural floodplain habitats have re-established in recent years.

Recent flooding, such as the flood events of 1990 and 1993, caused extensive

damage to agricultural land, major channel changes and extensive gravel

deposition. The highest flood on record was in 1814, with the flood in January

1993 being the second highest with a peak flow of 1048 m3 s'l (Bryant and

Gilvear, 1999). This flood event caused extensive bank erosion and gravel

reworking across the floodplain zones, creating new niches for primary

colonisation (Gilvear and Winterbottom, 1998; Bryant and Gilvear, 1999). At

present, channel change and instability appear to be the result of high

magnitude flood events with a greater than 10 year return period

(Winterbottom, 1995); the flood event of 1993 has an estimated return period

of 40 years (Bryant and Gilvear, 1999). These recent flood events has led to

increased interest into the management and functioning of this river system

and its floodplain (Gilvear and Winterbottom, 1998).
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The historical channel dynamics have left a legacy of landforms across the

floodplain, with palaeochannels, cut-off channels, isolated gravel bars,

secondary/abandoned channels and backwaters, thus creating a complex

mosaic of landforms. The conservation value of the floodplain was offcially

recognised in conjunction with the construction of the hydro-power scheme on

the river in 1952. Subsequently Ballinluig Island and Richard's Island were

designated as part of a series of Shingle Island SSSI's on the Rivers Tay and

Tummel in 1955 by Scottish Natural Heritage (SNH). A botanical survey

carried out for SNH (Kinnes, 1987) recorded 377 species of flora on

Tomdachoille Island, including many of lichenological importance. The

survey reported that nationally rare species, including Allum oleratum, Iris

versicolour and Equisetum pratense, and locally rare species, Pilago minima,

Neottia nidus-avis and Vicia sylvatica, are present. Areas of Tomdachoille

however were grazed up until 1970, resulting in a species poor meadow.

Tomdachoille Island was allocated SSSI status under the Wildlife and

Countryside Act (1981). Designated SSSI's along the River Tummel now

occupy approximately 224 ha.

1.4. Wandering gravel-bed rivers

A gradational change occurs between rivers with a meandering channel to

braided planforms known as wandering gravel-bed rivers. Such rivers are

unconfined and display episodic and possibly erratic changes in planform,

with the development of gravel bars, multiple- and abandoned-channels, and

channel avulsion is common during periods of high flow and flooding.
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Wandering gravel-bed rivers are dynamic systems, which create a complex

mosaic of landforms and habitat types due to relatively frequent disturbance

(Bryant and Gilvear, 1999; Hughes, 1997; Marston et al., 1995). The River

Tummel provides an excellent example with a multitude of abandoned

channels and shifting gravel bars, and evidence of channel avulsion. In active

wandering gravel bed rivers, changes in planform can occur over very short

time scales and the entire width of the floodplain can be swept by channel

migration within a few centuries (Gilvear and Bravard, 1996). Wandering

gravel bed rivers are likely to have highest diversity of all river types within

temperate environments and, indeed on the River Tummel, channel instability

is a major control on landscape diversity and the nature conservation value of

the floodplain (Gilvear et al., 1995).

1.5. Thesis structure

This thesis is organised by firstly giving an overview of the literature on

landscape diversity studies within fluvial environments in Chapter 2. The

chapter covers a wide range of topics relating to studies concerning purely

geomorphology, pedology and ecology as well as publications which have

taken a more integrated approach to understanding the functioning of the

components of the landscape within riverine habitats. Chapter 3 details the

methodology employed for the baseline survey undertaken to quantify the

spatial patterns of diversity within the study area and to determine the

relationships between the landscape components. From this predictive models

for determining landscape diversity are presented. Various analytical
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techniques are explored and the results are presented and discussed. The

results of this baseline survey were used to derive a sampling strategy for

undertaking a validation study along other reaches of the river. Chapter 4

presents the results of the validation study for the prediction of landscape

diversity and discusses the congruence between the spatial patterns of

diversity of the landscape components. Chapters 3 and 4 merely tackled the

spatial patterns of diversity observed during field studies and subsequent data

analysis. Temporal analysis of landscape diversity was carried out using

historical records. The methodology and results are presented in Chapter 5.

Finally, Chapter 6 discusses the overall spatial and temporal patterns of

diversity along the study reach. Lessons to be learnt are presented along with

methodological problems when sampling dynamic systems. Further research

ideas are presented along with a suggested protocol for assessing landscape

diversity of alluvial valley floors on other river systems. The findings of the

research are finally discussed in relation to integrated floodplain management.
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Chapter 2: Literature Review

2.1. Landscape diversity

2.1.1. The landscape diversity concept

The concept of diversity is fundamental to aspects of ecology. In ecological

studies, diversity is a measure of the richness and heterogeneity of species or

other attributes within a given landscape (Aspinall, 1996). Researchers in a

number of disciplines have acknowledged that 'although diversity may appear

to be a clear and intuitive concept on first inspection, further study shows that

it is a complex concept which cannot be measured quickly and simply.... The

more it is examined, the less clearly defined it appears to be, and viewing it

from different angles can lead to different perceptions of what is involved'

(Ibáñez et al., 1995, page 215). Olsen et al. (1993) defined landscape diversity

as 'a function of the number and types of patches, their distribution

(juxtaposition), and their shape'. Landscape diversity within alluvial valley

floors refers to the heterogeneity of all landscape features within and around

the riparian zone, to which very few studies have been devoted (Tabacchi et

aI., 1996). Landscape heterogeneity is the result of the actions and interactions

of the formative processes operating on a landscape at a point in time, for

example, erosion, deposition, flooding, weathering, and climatic

characteristics (Forman and Godron, 1986). Due to the complexity of this

concept, hypotheses and methodology are required that can be interlinked to

allow relationships to be identified and evaluated between the components of
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the landscape studied, whilst also accounting for the effects of human impact

(Aspinall, 1996). In this study diversity is analysed by comparing and

combining the number, type, shape and distribution of patches of landforms,

soil and substrate types and plant communities using a variety of descriptive

indices.

In order to assess landscape diversity, it is necessary to measure the diversity

of individual landscape components, as they contribute significantly to overall

landscape complexity and heterogeneity. Only through amalgamating the

component diversities wil an overall measure of landscape diversity be

achieved (Aspinall, 1996; Noss, 1983; Roberstson and Augspurger, 1999;

Wondzell et al.; 1996). Recent developments in applied biogeography and

landscape ecology have further complicated the concept of diversity. It has

become increasingly important to measure the diversity of the whole

landscape and its spatial and temporal dynamics, rather than just focusing on

maintaining diversity at the species level (N oss, 1983; Roberstson and

Augspurger, 1999; Tabacchi et al., 1996; Wondzell et al.; 1996). New

developments in the landscape ecology approach are increasingly allowing

diversity measures to be combined not only within genetic groupings, but also

between different genetic groupings (e.g. French, 1994). Methods that have

been developed for this analysis are outlined in section 2.6.2. A summary table

of key references relating to controls on the diversity of alluvial valley floors

is given in Table 2.1.
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Table 2.1: a number of key references detailing the controls on diversity in

floodplain environments. (Continued overleaf).

Subject Key theme Reference
Landscape structure/ Diversity Tabacchi et al. 1996
Heterogeneity Naveh 1994; 1995

Noss 1990; 1993

Landscape ecology Kupfer 1995

Turner and Gardner 1991 a

Spatial and temporal variability Cellot et al. 1994
Turner 1990

Colonisation and vegetation patterns Gustafson and Gardner 1996

Prach et al. 1990
Riverine landscapes Diversity patterns Gilvear et al. 2000

Ward et al. 1999
Bornette et al. 1998
Ward 1998

Gregory et al. 199 i
Chiarello et al. 1993

Impacts of disturbance Piégay and Bravard 1997

Barrat-Segretain and Amoros 1996
Bornette and Amoros 1996
Miller et al. 1995
Sparks et al. 1990

Rehabilitati on/restoration Nilsson 1996

Nilsson and Brittain 1996
Large and Petts 1994

Larson 1994

Sear 1994

Geomorphi c/vegetati on Bryant and Gilvear 1999

relationships Robertson and Augspurger 1999
Hughes 1997

W ondzell et al. 1996
Lewin 1978

Lewin and Manton 1975

Colonisation of gravel bars Langlade and Décamps 1994
Prach 1994

Malanson and Butler 1991
Coarse woody debris Piégay et al. 1999

Thevenet et al. 1998
Piégay 1993

Methods/classification Amoros et al. 1987
Gumell et al. 1994
Nanson and Croke 1992

Management Gilvear and Winterbottom 1998
Piégay and Landon 1997
Harper et al. 1995
Gilvear 1993

Jongman 1992
Landscape models Indices Hulshoff 1995

French 1994

Olsen et al. 1993
Fractal geometry Nestler and Sutton 2000

Olsen et al. 1993
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Subject Key theme Reference
Landscape models Fractal geometry Turner and Gardner 1991 a

Burrough 1981
Hydrology Flood-pulse concept Heiler et al. 1995

Bayley 1991

Junk et al. 1989
Water allocation/regulation Petts 1996

Ward and Stanford 1995
Gilvear 1994

River continuum concept Vannote et al. 1980
Diversity Measurement Krebs 1989

RoutIedge 1977

Peet 1974
Hurlbert 1971

Historical Tools for rehabilitation Dirkx 1997

Kondolf and Larson 1995

Décamps et al. 1988
Pedology Diversity Ibáñez 1996

Wright 1996

Ibáñez 1995

Ibáñez et al. 1990 

Alluvial soil classification Sheremet and Afanas 'yeva 1991
Geostatistics Spatial dependence Meisel and Turner 1998

Rossi et al 1992
Oliver and Webster 1991

Webster and Oliver 1990

Robertson 1987

Applications Cressie 1991

The basic concept for maintaining diversity is for the continual regeneration of

habitats by preserving ecosystem integrity and its structure and functioning at

a range of successional stages (Noss, 1983). Forman (1995) hypothesises that

optimum diversity is achieved when a landscape is composed of large patches,

interspersed with small patches within the landscape matrix. The heterogeneity

of diverse landscapes complicates sampling strategies as the structure and

functioning of its component parts, and their interactions are more complex

and over a much wider range of spatial and temporal scales. Fundamental

scientific problems arise here as there is no quantitative method for the

selection of suitable scales of analysis, and decisions are made based on
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human preconceptions. Further problems arise as it is diffcult to determine at

what scale diversity should be measured and managed (Noss, 1983). Although

biodiversity receives the greatest research interest, it should be recognised that

in order to maintain biodiversity, the diversity of the whole landscape,

including biotic and abiotic components needs to be protected. Naveh (1995)

suggests the term 'ecodiversity' as opposed to 'biodiversity', as conservation

needs to be extended to incorporate variability to the ecosystem level and the

landscape leveL. This would also encourage a preferable shift in terminology

from biodiversity to ecological landscape heterogeneity and diversity.

The diversity of both soils and landforms has, until recently, received little

attention of researchers (Iverson, 1988; Ibáñez et aI., 1990; Ibáñez et aI. 1995;

Ibáñez, 1996; Wright, 1996). The use of several parameters for identifying the

formative processes of landscape pattern is a central theme to landscape

ecology. Iverson (1988) tested the impact landscape attributes have had upon

landscape pattern in Ilinois using soil and vegetation data. GIS was used to

compare soil and landscape attributes with historical land use and vegetation,

and the current land use and management. In recent years Ibáñez et aI. have

led the field in research into pedodiversity. Ibáñez et al. (1990) found that

patterns of botanical diversity, geomorphic diversity, and pedodiversity have

great similarities. This suggests that the controls on the structure and

organisation of biotic and abiotic ecosystems have universal similarities.

Ibáñez et aI. (1995) further report that the characterisation and quantification

of the diversity of landforms, geology, and soils as a non-renewable natural

resource should be considered when estimating a landscapes ecological value.
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This stresses the need for a testable hypotheses to be formulated to explain,

quantify, and model this phenomena, which incorporates the spatial and

temporal dynamics of the landscape (Ibáñez et al., 1995).

2.1.2. Landscape ecology approach: theory and application

Landscape ecology is a discipline with a theoretical core based around the

development and dynamics of spatial heterogeneity. It focuses on spatial and

temporal patterns, and their effects upon ecological processes and interactions

in heterogeneous landscapes (Johnson and Gage, 1997; Kupfer, 1995; Meisel

and Turner, 1998; Risser et al., 1984; Turner, 1989; Wiens, 1992). In contrast,

ecology is fundamentally concerned with understanding the influential factors

which have created the spatial patterns (Turner, 1989; Meisel and Turner,

1998). Key research and the theoretical development of landscape ecology has

been led by Forman and Godron (1981; 1986), and field studies applying the

landscape ecology approach to fluvial environments has recently been adopted

(e.g. Allan et al., 1997; Chiarello et al.; 1993; Dirkx, 1997; Hanson et al.,

1990; Tabacchi et al., 1996).

Landscape ecology is an important concept because it acknowledges that the

structural components of a landscape are interactive (Forman and Godron,

1981; Noss, 1983; Robertson and Augspurger, 1999). Landscape ecology

forms a link that has long been required between many disciplines that are

involved with studies into the spatial and temporal dynamics of the landscape.

Landscape ecology theory has developed because all landscapes share a
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common structure to their organisation as they are composed entirely of

patches and corridors, and surrounded by a background matrix (Forman and

Godron, 1986). However, when a landscape is divided into its component

parts, ecological systems display internal variability in their structure and

functioning at different spatial scales. Therefore, the relationships between

spatial patterns and ecological processes are not restricted to a particular scale

within fluvial environments, and any biotic or abiotic processes operating may

vary in their impact or importance at different spatial scales (Risser et al.,

1984; Meisel and Turner, 1998). Andersson et al. (2000), Forman and Godron

(1981), and Ward and Stanford (1983) and have shown the relevance of

landscape ecology in providing a better understanding of the dynamics of

large alluvial river valleys.

Quantitative methods of analysis are required in landscape ecology in order to

relate landscape patterns to ecological processes (Turner, 1989, Turner and

Gardner, 1991a and Meisel and Turner, 1998). Such analysis has to be

achieved through the development of models that incorporate the spatial and

temporal dynamics of the system. There has been an abundance of statistical

models and indices developed in the field of landscape ecology for the

analysis of diversity; these methods have been evaluated and discussed by

Turner and Gardner (1991a) and references summarised in Table 2.1. The

landscape metrics available for spatial and temporal analysis of landscape

diversity includes measurements for the diversity and connectivity of

landscape elements, and the fractal dimensions of the landscape components

and patches.
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2.1.3. Landscape patterns

The 'edge-effect' is a fundamental ecological concept as the species found at

the edge of a patch, where it is converging with the perimeter of an adjacent

patch, has a different composition to the patch interior. Perimeter areas form

transition zones that are high in diversity and food resources due to the rapid

rates of primary production (Noss 1983, Forman and Godron, 1981, 1986). In

addition to the edge effect, patch shape and patch juxtaposition is also

important in determining ecological conditions (Forman and Godron, 1986;

Rex and Malanson, 1990). The fractal dimensions of patches can be assessed

according to their shape by analysing their interior-to-edge ratio (Forman and

Godron, 1986; Olsen, 1993; and Nestler and Sutton, 2000), whereby

isodiametric patches wil have a greater interior value than elongated patches,

thus ecological processes within these patches will be vastly different. The

general spatial patterns of riparian areas can be conceived in the terms of

landscape ecology proposed by Forman and Godron (1981, 1986). Shape is

important as it determines the relation between area and perimeter. This

distinction is important because of the edge effect. Forman and Godron (1986)

presented several means for defining shape parameters and identified gradients

in processes that would be associated with changes in interior to edge ratios.

From an ecological perspective, patches represent relatively discrete habitat

units, of which they share similar environmental conditions. Problems arise

when measuring the characteristics of a patch as assumptions based on human

preconceptions are typically made, which are often gross simplifications of

nature.
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2.1.4. Hierarchically structured landscapes: the nested hierarchy approach

Landscapes need to be described very precisely in order to study the role of

heterogeneity in ecological processes, and their spatial and temporal

dynamics. The dynamics of landscape pattern is organised in a structured way

so that the landscape components and patches exist at characteristic scales that

are positively correlated spatially and temporally (Urban et aI., 1987). The

landscape ecology approach allows analysis at a range of spatial scales by

taking a nested hierarchy approach. The basis to the application of landscape

ecology is that a nested hierarchy exists within a landscape, and that the

components of the landscape at each scale do not alter internally, but are

transferable between scales (Buzer, 1995).

The hierarchy theory is concerned with systems that have an organised

complexity, and predicts that as landscape complexity increases, so it develops

a more complex hierarchical structure (All en and Starr, 1982; Lavorel et al.,

1993; O'Neil et al., 1988). Thus a landscape, and its attributes, can be

organised into discrete functional components which operate at different

scales: landscape elements, landscape facets, landscape system, and the

landscape unit (AlIen and Starr, 1982; Petts and Amoros, 1 996b). Similar and

interacting components at one level of the hierarchy become the functional

aggregates at the next higher level (Urban et al., 1987). The hierarchy

approach to landscape studies has been adopted by a number of researchers

(Buzer, 1995; Lavorel et al., 1993; Noss, 1990 and Rice et al., 1995). Buzer

(1995) used hierarchy theory to examine patterning on sand dunes using data
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derived from Landsat imagery through to small-scale field surveys.

Hierarchically structured maps have also been commonly used for such

analysis (Lavorel et al., 1993; Turner and Gardner, 199 1 b). An integrated

approach to riverine studies is given in 'Fluvial Hydrosystems', edited by Petts

and Amoros (1996a). This book focuses on the dynamics of large floodplain

rivers, detailing a multi-scale approach to fluvial research.

2.1.5. Human impact on floodplains

The natural controls on floodplain development have progressively lost their

dominance over the centufies due to increasing human impact. The human

impact on river systems dates back thousands of years with disturbance and

modifications of various intensities being documented in the historical record.

The resulting cultural landscape has consequently altered the structure and

functioning of the entire drainage basin. The relationship between time and

spatial scales has also been given attention (De1court and Delcourt, 1982).

Although humans have been influencing fluvial dynamics SInce first

occupation, the most significant period of change has been during the last 300

years dating from the industrial revolution and the phase of rapid urbanisation

(Bravard and Petts, 1996; Décamps et al., 1988). The degree of impact the

modification of rivers has had is diffcult to assess because they are

superimposed on changes in river channels that are occurring naturally as a

result of climate change and isostatic uplift (Ward, 1998). Rivers and

floodplains have been drastically modified and controlled, resulting in the
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hydrologic regime of most European rivers being greatly affected (Bravard

and Petts, 1996; Décamps et al., 1988; Kondolf and Larson, 1995).

Historically, flood embankment construction in Scotland was unplanned and

most major rivers were effected (Gilvear et al., 1995). The principal

hydrological effect has been to reduce the frequency of floodplain inundation.

Engineering works on rivers, such as channelisation for navigation (Brookes,

1988; Hughes, 1997), the harnessing of water for power generation, and land

reclamation, have typically altered the ecology and morphological diversity of

fluvial systems by isolating the floodplain from its main channel (Bravard and

Petts, 1996; Large and Petts, 1994; Larsen, 1994; Petts, 1984). Dam

construction, for example, prohibits the transfer of sediment from upstream to

downstream, thus altering the fluvial dynamics and depriving the lower

reaches of sediment. Another effect of human activity on rivers is possibly an

exaggeration of low water conditions in dry summers due to the lowering of

the floodplain water table (Décamps et al., 1988). The low water condition is

an important factor when considering the future evolution of fluvial

landscapes.

Throughout history, rivers have been modified to protect against erosion and

flooding (Bravard and Petts, 1996). Flood protection has advanced from basic

embankments to highly sophisticated civil engineering works. Historically,

valleys with braided rivers were the first to be targeted for flood protection

and channel modification projects; the upper valleys of the Rhône and Rhine

rivers being classic examples (Bravard et al., 1992; Jongman, 1992; Bravard

and Petts, 1996). The alteration of the Rhône eventually caused an almost
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complete isolation of the floodplain from its nver. With the floodplain

deprived of periodic flooding, ecological succession proceeded resulting in the

loss of habitat patches of communities at different seral stages (Bravard et

al.,1992; Bravard and Petts, 1996; Jongman, 1992). On many European

floodplains, embankments and channelisation have accelerated the

disappearance of alluvial forests, which is well documented in industrial

valleys such as the Rhine and Rhône rivers (Bravard et al., 1986; Pautou and

Décamps 1985). Nilsson et al. (1991) evaluated the effects of river regulation

on two rivers in Sweden by comparing a natural river with a regulated river,

which was similar in character before being managed. They found that species

richness and the percentage cover of vegetation were both lower on the

regulated river. However, according to Décamps et al. (1988), by

reintroducing a flood regime it should be possible to rejuvenate the landscape

to represent more natural conditions.

Urbanisation of catchments has had the impact of altering the hydrology of the

drainage basin by reducing the permeability of the catchment, by modifying

the drainage networks, and the storage and transfer of water through the

system. The overall impact of urbanisation has been to increase the frequency

and intensity of flooding (Bravard and Petts, 1996). These activities have

caused the fragmentation of riparian communities, the invasion and

colonisation of 'exotic' species, and, coupled with flood protection measures,

the dynamics and diversity of most floodplain landscapes have been

negatively affected (Décamps et al., 1988). The utilisation of floodplains for

agriculture and industry has also led to a great reduction in floodplain habitats,
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which has consequently altered the ecological complexity of rivers and their

floodplain (c.f. Heiler et al., 1995).

2.2. Floodplains

2.2.1. Historical perspective

The extrapolation of data from the historical record is a valuable source of

information for understanding landscape formative processes and landscape

pattern. It has become a fundamental issue to understand how the environment

develops in space and time in order to manage ecosystems in a sustainable

way (Kondolf and Larson, 1995). Historical analysis can provide information

on the evolution of the alluvial valley, an insight into the structure and

functioning of the landscape, and of the temporal variability of the channel

(Kondolf and Larson, 1995). Temporal variability is difficult to analyse in

field studies, as they are typically short in duration, thus requiring historical

analysis. The information derived can aid the analysis of pattern change

through time, and could possibly provide clues to the causes of change, and

aid the interpretation of valley processes.

Kondolf and Larson (1995) outlined the importance of historical studies in

fluvial research. They noted that the most informative means of deriving

temporal data is via topographic maps, dendrochronology, narrative accounts,

and especially sequential aerial photography over a period of years. Narrative

accounts and aerial photography can also provide information on previous
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plant community composition and structure. Aerial photography is particularly

useful for documenting changes in riparian forest cover following the

construction of a dam and channel abandonment.

Within temperate regions, rivers have evolved over milions of years under a

diverse array of influential processes including tectonic adjustments and

climatic change (Petts and Bravard, 1996). In Scotland, the landscape was

drastically altered and sculpted during the Pleistocene glaciations. The

climatic adjustment during the early Holocene led to the planform of the

middle reaches of temperate rivers to range from braided to meandering

channels as a direct result to rapid vegetation succession, which reduced the

flooding frequency and sediment load (Petts and Bravard, 1996).

The fluvial dynamics of a floodplain landscape are the major controls on the

system, and are responsible for the landscape features and their heterogeneity

under natural/semi-natural conditions. Historical and palaeo-hydrological

research can provide information on land use change, alterations in

geomorphic variables, the location of former channels, and previous areas of

erosion and deposition (Kondolf ana Larson, 1995; Petts, 1989).

In the age of environmental protection and awareness, Kondolf and Larson

(1995) set out guidelines for riparian and aquatic habitat restoration. An

understanding of channel evolution is essential for successful restoration plans

and for maintaining landscape diversity, particularly as the current functioning

of the system must be understood in order to evaluate the impacts of every
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stage of a restoration project. The identification of former channels,

backwaters and cut-off channels is also of prime importance to planners, as

they may become active again during floods.

2.3. Geodiversity on floodplains

2.3.1. Geomorphic processes

Floodplain landscapes are dynamic systems, which are controlled by a wide

range of geomorphic processes, which are, in turn, largely determined by the

prevailing environmental conditions and cultural landuse within the drainage

basin. Rivers display diversity in their longitudinal profie (Vannote et al.,

1980), influenced by the valley form from source to mouth, slope gradient,

discharge, and sediment load, in their latitudinal dimension across the

floodplain, and in the vertical direction due to aggrading beds, channel

incision, water table fluctuations, and floodplain stratigraphy (Gilvear and

Bravard, 1996).

At the scale of the entire nver system or drainage basin network,

geomorphology and the fluvial dynamics are the driving force of the river

system. The geomorphic processes have a major influence upon the diversity

of riparian landscapes (Lewin, 1978; Gilvear and Bravard, 1996; Gilvear and

Winterbottom, 1998; Gilvear et al., 2000; Robertson and Augspurger, 1999;

Tabacchi et al., 1996). Greater levels of diversity tend to be found in dynamic

fluvial landscapes where there is a shifting mosaic of land forms and

communities due to semi-natural flooding events (Gilvear and Winterbottom,
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1998; Gilvear et al., 2000; Tabacchi et al., 1996; Ward, 1998). However

further research is required on the complex linkages between the components

of the landscape and their formative processes in order to understand the

spatial scales and patterns of diversity in fluvial environments (Hughes, 1997;

Ward, 1998; Ward et al., 1999).

The energy of a river is a factor controlling the rates of erosion and deposition,

which influences the floodplain morphology and stratigraphy (Amoros et al.,

1996; Bryant and Gilvear, 1999; Lewin, 1978; Tabacchi et al., 1996). The

processes of lateral and vertical erosion and deposition of alluvial material are

externally controlled by climatic adjustments, tectonic movements, and the

type and seral stage of the floodplain vegetation (Vasil 'yev, 1990). Vegetation

also influences these processes as it either increases or reduces bank stability

by affecting the hydraulic action of the flow (Rowntree and Dollar, 1999).

Debris dams can also cause channel instability. In low gradient high order

streams, the obstruction of flow by in-channel woody debris during high

discharge may lead to local avulsion and overbank sedimentation on restricted

areas of the floodplain (Piégay and Gurnell, 1997; Piégay et al., 1999;

Rowntree and Dollar, 1999), or to the development of chutes and meander cut-

offs (Rowntree and Dollar, 1999). Mid-channel bars often form immediately

downstream of obstructions formed by woody debris, with associated channel

widening. Piégay (1993) stated that the restocking of woody debris within

rivers and floodplains has the effect of diversifying the environment. The

energy of the fluvial system is the prime determinant of the floodplain

landforms as it controls the sedimentation rates (Lewin, 1978; Nanson and
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Croke, 1992). In environments with a low-energy budget, floods may be

prolonged with standing stagnant water and suspended sediment, producing

fairly homogenous landscapes (Kozlowski, 1984). In contrast, high-energy

environments with rapid floods with flowing water produce a geomorphic

heterogeneity (Gilvear and Bravard, 1996; Kozlowski, 1984; Tabacchi et al.,

1996). Erosion and deposition cycles also operate over differing spatial and

temporal scales, and of varying intensities (Vasil'yev, 1990).

The latitudinal dimensions of rivers and floodplains display morphological

diversity due to the diminishing connectivity with the main channel towards

the perimeter of the floodplain. Floodplain sediments are highly sorted by the

river and can provide information on channel migration and flooding events.

However, the stratigraphy of some floodplains is highly complex, as in the

case of braided channels and wandering gravel bed rivers, due to the constant

shifting of channels and channel avulsion.

Steep environmental gradients exist within the internal structure of riparian

floodplains as a result of geomorphic and pedological processes. The

connectivity of the floodplain surface to the water table is also a strong

environmental control on the systems dynamics (Malanson, 1993). A paradox

exists between the channel dynamics and the topography of the riparian zone

as the fluvial processes create the topographic features, which, in turn, exert a

control on the fluvial dynamics (Malanson, 1993). Where there are standing

flood waters, fine sediment is deposited. As a result, the depressions within

which the sediments are deposited have a low infitration capacity, which
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reduces time to ponding either during a flooding event or intense rain, thus

creating a predominantly waterlogged habitat (Malanson, 1993).

2.3.2. Floodplain classification

Three main categories of floodplain morphology exist which reflect the

dynamics of sedimentation and channel migration according to Lewin (1978).

Stable channels dominated by overbank sedimentation represent the most

simple floodplain type. An increasingly complex floodplain evolves, as river

channels become more active. Actively meandering channels can leave a

legacy of former channels with ox-bow lakes, neck cut-offs and point bars.

Wandering gravel bed rivers and braided reaches can leave a trail of

abandoned channels across the floodplain due to channel change and avulsion.

Active rivers can, therefore create complex floodplain morphology and

stratigraphy (Bravard and Gilvear, 1996; Hughes, 1997; Gilvear and Bravard,

1996; Gilvear and Winterbottom, 1998; Lewin, 1978).

The geomorphic features created via the complex processes operating can be

classified taxonomically within a structured, multi-level hierarchy of

morphological floodplain units, with each level of the hierarchy having its

own spatial and temporal dynamics (Amoros et al., 1996; Gellert, 1978;

Nanson and Croke, 1992). The application of a hierarchical approach to

geomorphic classification allows the river valley and its floodplain to be

analysed using a consistent methodology oV'er a range of spatial and temporal

scales. This structured methodology wil also provide a more detailed insight
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into the spatial and temporal dynamics of the system (Gurnell et al., 1994).

Floodplains may be divided into 'functional sectors' that are characterised by

the fluvial and biological processes (Petts and Amoros, 1996b). Functional

sets are defined by either synchronic or diachronic analysis, preferably both.

Synchronic analysis involves comparative studies of the structure and function

of the landscape units. Each ecosystem patch identified can be then assigned

to a successional stage. However, the different potential pathways of

succession must be acknowledged as patches of the same age may differ in

their composition, structure and function. The role of time in succession is

addressed by diachronic analysis. Diachronic analysis examines temporal

change in the landscape, thus successional models can be derived (Amoros et

al., 1987; Petts and Amoros, 1996b).

Floodplains of different river systems can show a diverse range of land

features resulting from the localised geomorphic processes; therefore, their

classification is an important aspect of floodplain studies. Lewin (1978)

classified floodplain geomorphology and Nanson and Croke (1992) provide a

genetic classification of floodplains. The' genetic floodplain' is the area which

is dominated by a 'horizontally bedded alluvial landform adjacent to a

channel, separated from the channel banks, and built of sediment transported

by the present flow-regime' (Nanson and Croke, 1992). Floodplains are

initially classified according to the energy status of the river and subdivisions

are made by analysing variations in their morphological and sedimentary

characteristics. Three floodplain classes are recognised based upon stream

power and sediment characteristics. These floodplain classes are composed of

34



a range of orders and suborders defined primarily by geomorphic processes.

The main parameters for the genetic classification of floodplains are channel

pattern (Petts and Forster, 1985; Schumm, 1977), lateral stability,

morphologicallandforms and sedimentary characteristics (Lewin, 1978).

A genetic classification of floodplains accounts for the geomorphic processes

that have created the landscape, thus providing a more thorough definition

(Nanson and Croke, 1992). Geomorphology can be mapped in terms of a land

systems approach whereby a landscape is classified by topography, soils, and

vegetation. Within land systems, land units can be defined which are small

simple forms which are commonly found on a single rock type or superficial

deposit, for example, an alluvial fan and a terrace. Each classified unit must

also exhibit a regular relationship within and between the other land units of

which it forms a part (Vasil'yev, 1990). It should follow that the soils display

consistency throughout the land unit, or vary in a consistent manner across the

land unit (Cooke and Doornkamp, 1974).

2.4. Pedodiversity on floodplains

2.4.1. Geomorphology and soils

'Soilscapes' within drainage basins are sculpted by the geomorphic processes

operating within the valley. Soils and landforms are physically inseparable as

they have shared parent material and processes of development (Ibáñez et al.,

1990; Wright, 1996). Ibáñez et al. (1990) were the first researchers to reveal
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that the increasing complexity of soilscapes is related to the stage of evolution

of the fluvial system. This is due to the interacting relationships between the

structure and genesis of fluvial and pedological systems. It is evident from this

that soil landscapes also have a hierarchical organisation within the drainage

basin, which corresponds to the valley landforms and morphology. From their

research, Ibáñez et al. (1990) hypothesise that by regulating rivers, thus

creating a less dynamic fluvial system, pedodiversity within the affected

catchment area is reduced. Ibáñez et al. (1990; 1995) have shown how indices

developed for biodiversity analysis can be applied to pedodiversity studies.

Their work has shown that indices and models of diversity can be used for the

quantification and comparison of the complexity of soil patterns within

different areas and environments. Proportional abundance models are most

popular for diversity analyses, which can be used for soil surveys and soil

information systems in order to quantify pedological negentropy,

pedorichness, and for determining the heterogeneity of a soil association or a

soil mapping unit (Ibáñez et al., 1995). Pedodiversity can be assessed using

hierarchical methodology by classifying the landscape into geomorphic units

(Wright, 1996). The diversity of soils and landforms have a marked

quantitative and qualitative effects on the landscape (Ibáñez et al., 1995). Both

the soils and land forms, for instance, determine to an extent the drainage

patterns and storage of water, which, in turn, influence the vegetation pattern

across the landscape.
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2.4.2. Soil inundation and its effects

The annual flood in riparian landscapes has an important functional role in the

cyclic development of the system (Malanson, 1993). Flooding is important for

the connectivity of the system as it facilitates lateral exchanges of nutrients,

organic matter and organisms (Malanson, 1993). Most floodplain soils show

characteristics of waterlogging and flooding (Sheremet and Afanas'yeva,

1993). The connectivity of the main channel with the floodplain and

backwaters has an important ecological role (Malanson, 1993; Schwarz et al.,

1996). The inundation of the floodplain with floodwaters influences the

nitrogen and organic matter levels found in the sediments. Schwarz et al.

(1996) noted that sites which were least connected to the main channel were

likely to accumulate organics during soil development and lentic deposition.

These sites also had higher levels of organic matter and total nitrogen. Walker

(1989) also found that surface soil nitrogen variability along a sub-arctic

vegetation chronosequence on a central Alaskan floodplain was related to the

interactions between stochastic flooding and the impact of the vegetation.

These studies revealed that variation does occur across floodplains as a result

of the level of connectivity with the main channeL. Catchment processes are

therefore important in determining small- and large-scale patterns and

processes, demonstrating that the system acts in a hierarchical fashion. Cellot

et al. (1994) examined the temporal and spatial variability of habitat types in

relation to eight physical/chemical variables, and found that soil type (in

particular particle size and organic content) explains much of the spatial

variability.
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Landforms and soils are so closely related on floodplains as the topography

directly determines the proximity of the land surface to the water table.

Topographic undulations also impact upon pedogenesis by influencing the

particle size of the material in which the soil evolves (Malanson, 1993). In the

process of alluvial soil genesis, particle size is one of the most important

parameters at the onset of soil ripening, and will be a major influential factor

in the soil type that evolves (Pons and Zonneveld, 1965). Asselman and

Middelkoop (1995) analysed sediment deposition in a single flood to

document spatial variability in sediment deposition and related the results to

floodplain topography and identified possible mechanisms of sediment

transport. The soil moisture content of floodplains has a strong control upon

ecosystem structure and functioning, therefore, topography and elevation are

important in determining soil wetness. Where soils are waterlogged, anoxic

conditions create toxicities to plants and the mineralisation of organics is

much reduced (Kozlowski, 1984; Schwarz et al., 1996). Anoxia is considered

the most important effect of flooding. Gaseous diffusion to soil decreases

causing flooded soils to rapidly become oxygen depleted due to uptake by

micro-organisms and plant roots, even when standing water is oxygen

saturated (Kozlowski, 1984). Moisture conditions should be important as

riparian areas include sites that range from extremely dry to saturated

conditions. On saturated sites, the limiting factor is anoxia, only species that

can tolerate anoxic conditions can survive. This range of conditions provides

an environmental gradient on which species can separate. Differences in soil

moisture content, being primarily affected by topography on floodplains and
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also by channel dynamics, leads to complex spatial patterning (Malanson,

1993)

2.4.3. Classification of alluvial soils

The classification of alluvial soils is complicated due to the spatial and

temporal variation in soil and sediments across the floodplain. A hierarchical

classification system is required which allows terrace soils to be classed as

alluvial due to their origin, whilst also differentiating them from the basic soils

on the floodplain and the various stages of development according to their

geographical location within the drainage basin. Particle size is perhaps the

most important physical attribute to be considered in alluvial soil

classification. Pons and Zonneveld (1965) provide methods for alluvial soil

classification, and Sheremet and Afanas' yeva, (1991) have developed a set of

new principles for alluvial soil classification.

2.5. Botanical diversity on floodplains

2.5.1. Riparian landscapes

There have been numerous botanical studies into floodplains and riparian

landscapes (Bornette and Amoros, 1996; Bornette et al., 1998; Gilvear et aI.,

2000; Hughes, 1997; Malanson, 1993; Prach, 1994; Tabacchi et aI., 1996;

Ward et al., 1999) particularly within Europe on the rivers Rhine and Rhône

(Bravard et aI., 1986; Bravard et al., 1992; Jongman, 1992; Pautou and
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Décamps, 1985; Statzner et al., 1994). Despite this extensive research, the

spatial patterns of riparian plant community diversity along rivers are stil

poorly understood (Décamps and Tabacchi, 1993; Tabacchi et ai, 1996; Ward,

1998). Recently the influence of landscape features on the diversity of riparian

plant communities has been studied (e.g. Nilsson et al., 1989; 1991; Tabacchi

et al. 1996; Ward, 1998; Ward et al., 1999). Chiarello et al.(1993) proposed a

model of the spatial organisation of vegetation in river floodplains based on

the generation of non-homogenous, anisotropic random patterns defined on a

square lattice given the knowledge of the ecological functioning of these

ecosystems. Progress in this field of research into floodplain habitats may

facilitate the adoption of ecologically sound river management (Statzner et al.,

1994; Harper et ai, 1995).

2.5.2. Successional sequences in floodplain environments

Floodplain environments display habitats in transitional stages between the

spectrum from aquatic to terrestrial environments. These stages within the

riparian ecotone have an important function in the landscape diversity, which

is also influenced by the width of the floodplain. In general, diversity is

greater on wider floodplains (Malanson, 1993; Tabacchi et al., 1996).

Ecosystems can be divided into seral stages by analysing community

development. Successional stages of the same age may show variations in

their structure and function due to the processes of development (Amoros et

aI., 1987) and as a result of environmental heterogeneity such as variations in

elevation and particle size (Nilsson et al., 1991, Robertson and Augspurger,
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1999; Wondzell et al., 1996). The spatial patterns of diversity may also be due

to the impacts of secondary succession, which commonly occurs in cultural

landscapes, producing a directional succession rather than a cyclic process

where the seral stages repeat themselves over certain time-scales. Malanson

(1993) cited that vegetation structure could be assessed according to the three

stages. The first stage involves the identification of species, then the relative

abundance of species, and finally, its spatial scale. Using this methodology of

vegetation analysis, an assessment can be made of the internal structure of

riparian landscapes (Malanson, 1993).

Riparian and floodplain succession is highly dependent upon the riverine

environment and cultural land use. When considering the landscape in its

semi-natural state, succession sequences are affected by the hydro-geomorphic

dynamics and the characteristics of the landscape, such as geology and soil

type. Floodplain vegetation patterns have been studied in relation to

disturbance regimes and their role in creating a complex mosaic of habitat

types within the fluvial landscape (e.g. Barrat-Segretain and Amoros, 1996;

Bornette and Amoros, 1996; Gilvear and Winterbottom, 1998; Piégay and

Bravard, 1997; Sparks et aI., 1990). Amoros (1991) and Amoros and Wade

(1996) described successions occurring in two contrasting riverine

environments by studying community development in relic channels on both

meandering and braided rivers. Succession is an important process on

floodplains as it increases the stability of the substrate, and reduces the

erodability of the soil as succession progresses (Rowntree and Dollar, 1999;

Wondzell et al., 1996). In addition, horizontal heterogeneity is increased by
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higher species diversity, which also corresponds to vertical heterogeneity as

the ecosystem becomes structurally more complex (Amoros and Wade, 1996).

The maintenance of hydrosystem connectivity is of fundamental importance to

maintain highly productive river systems. The productivity of backwaters is

usually higher in the lentic and standing waters of the wetland habitats than in

the lotic zones of the main channel (Amoros, 1991). Bornette et al. (1994)

studied the pathways of ecological succession on six forn1er braided channels

of the upper River Rhône, which have all been isolated from the main channel

for equal time scales. They concluded that it is the nature of the flood that is

the driving force behind successional sequences in floodplains. The results of

the study showed that similar patterns of succession occurred throughout. On

new sediment at low elevations, pioneer and flood tolerant species colonise.

As elevation increases, more terrestrial and shade tolerant species dominate

the community. As community development progresses, there is high

mortality of early colonisers, thus providing a new niche for colonisation.

Flooding is thus essential to maintain the connectivity of the river to its

floodplain and to rejuvenate floodplain habitats by the destruction and creation

of habitats maintaining the floodplain ecosystems at a range of successional

stages (Junk et al., 1989)

Species richness of floodplain vegetation generally increases with increasing

water flow (Nilsson et ai, 1989; 1991). Flooding renews nutrients, increases

sediment diversity and creates patches for colonisation (Ward, 1998).

Floodplain forests are among the most productive of all natural communities

and are characterised by the infrequent and temporary presence of standing
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water and a variable depth to water table (Hughes, 1997; Ward et ai, 1999;

Van Splunder, 1998). Community studies of floodplain forest trees generally

find that species composition, basal area, diversity and other community

attributes are critically affected by elevation (Baker, 1990; Kallola and

Puhakka, 1988; Nilsson et ai, 1989, Robertson and Augspurger, 1999). Flood

tolerance is highly variable among plants and is determined by the species

physiological adaptations. The nature of a flooding event is also of significant

consequence and affects plant response to inundation, even in flood tolerant

species. Aspects to consider are water quality, the duration of flooding, the

timing of the flood, and the velocity of flow (Kozlowski, 1984). The timing of

the flood is important as flooding during the growing season adversely affects

plant development, the production of energy, its reproduction and dispersal of

seeds (Kozlowski, 1984). Soil anoxia rapidly builds up during inundation; this

reduces the translocation of photosynthetic products from the leaves. In

addition, root growth is impeded, which affects the drought tolerance of the

plant (Kozlowski, 1984). Flood water is also more harmful if it is slow moving

or still as it rapidly stagnates due to the absence of gaseous exchange with the

atmosphere (Kozlowski, 1984).

2.5.3. Geomorphic, soiL. and vegetation, relationships

Tabacchi et al. (1996) examined the influence of landscape elements and

cultural land use on the diversity of riparian plant communities at a range of

spatial scales. Their study showed that riparian systems have become

increasingly fragmented with greater pressure on the landscape resource by

43



human activity; this has also adversely affected the connectivity of the

floodplain ecotone. Human impact on floodplain landscapes has also enabled

the invasion of non-riparian species, thus altering the fabric of the landscape

(Andersson et al., 2000; Tabacchi et al., 1996). High diversity is usually found

along rivers due to the geomorphic processes creating a mosaic of shifting

landforms (Bornette et al., 1998; Bryant and Gilvear, 1999; Robertson and

Augspurger, 1999; Tabacchi et aI., 1996). These patterns created by the

geomorphic processes are reflected in the riparian vegetation that develops.

The resulting land forms influence the patterns of vegetation that develop due

to a multitude of parameters, including slope gradient, elevation, soil type and

properties, in particular particle size and moisture content (Baker, 1990;

Nilsson et al., 1989; Ward, 1998; Ward et al., 1999). Prach (1994) found that

the elevation of the floodplain above mean channel level to be a major control

on floristic patterns, which also relates to soil moisture. Wondzell et al. (1996)

report that a close relationship exists between habitat types, landforms and

geomorphic processes as a direct result of the redistribution of organic matter,

moisture availability and the redistribution of water between landforms. The

connectivity of adjacent landforms is related to the flow of water and sediment

between them, thus determining the sharpness of the ecotone between these

morphological units (Wondzell et al., 1996). The vegetation composition of

each landform plays a fundamental role in erosional and depositional

processes operating. The complexity of floodplain landscapes can, therefore,

be described by geomorphic processes, plant responses to land features, and to

soil moisture, soil anoxia, and flooding (Large et aI., 1996; Malanson, 1993;

Robertson and Augspurger, 1999).
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2.5.4. Botanical diversity

Riparian systems form an important ecotone which have been intensely

exploited, particularly in northern Europe, which has affected botanical

diversity. Where riparian areas flourish in temperate regions, they have been

described as some of the most species rich and productive ecosystems

(Malanson, 1993). These systems are also fragile and very sensitive to human

impact (Nilsson et al., 1989; Tabacchi et al., 1996), therefore their protection

is important for diversity conservation. There are three scales of diversity:

alpha diversity (e.g. Shannon index), beta diversity, and gamma diversity

(Whittaker, 1972; 1975). Alpha diversity is concerned with the number of

species present within a single habitat or community, the within area diversity

measure. Beta diversity is a reflection of the changes that occur in community

composition along an environmental gradient, otherwise known as the

between area diversity (Noss, 1983; Aspinall, 1996). Beta diversity is,

therefore, greatest where a landscape is composed of patches at different

successional stages (Noss, 1983). This wil also increase the edge effect,

which is ecologically important for species richness and ecosystem

functioning. Gamma diversity assesses diversity at a large scale, thus the total

diversity of a large geographical region. Maximising landscape (gamma)

diversity can thus be achieved by increasing the within habitat (alpha)

diversity and between habitat (beta) diversity.

High diversity is generally attributed to several factors, including habitat

heterogeneity from fluvial action, the floodpulse which allows different
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species to colonise different portions of the elevation gradient, and to

physiological adaptations to inundation (c.f. Ward, 1998). High levels of

species- and genetic-diversity in floodplain zones can only be maintained by

restoration of at least minimum and maximum flows at approximately natural

conditions (Stromberg and Pattern, 1992). Ecological richness stems from the

mosaic of habitats within floodplain zones. Researchers have shown that

active channel migration enhances diversity within the floodplain (e.g.

Bravard et al., 1992; Gilvear and Winterbottom, 1998; Gilvear et al., 2000;

Salo et al., 1990). However, Marston (1995) found that high instability

truncated succession, thus reducing diversity on the Snake River, a wandering

gravel-bed river, in Grand Teton National Park, USA.

The importance of floodplain environments for diversity has been

acknowledged by the French government with the passing of a law in 1992

stating that there is a need to 'preserve the integrity of ecological

hydrodynamics' (Mars ton et al., 1995). Ten landscape units were recognised

on the Ain River floodplain in France and the relative extent of these ten units

has undergone dramatic change between 1945-1991. Unvegetated pioneer

communities have declined by 76% and abandoned channels have declined by

46%. These changes are a reflection of a reduction in the lateral migration of

the channel and associated entrenchment. Stability within the channel has also

lead to less frequent overbank flows. Consequently, the process of

terrestrialisation has rapidly occurred within the floodplain. Nilsson et al.

(1989) studied the influence of human impact on floodplain diversity. Species

were designated as native or those typical of man-made habitats, especially
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wasteland, cultivated land, and meadowland as ruderal species. The high

abundance of such species on a site is a good indicator of human impact.

2.6. Landscape indices

2.6.1. Analysing landscape diversity

The concept behind the assessment of diversity is to understand the taxonomic

and environmental relationships of species and habitats along gradients of

change, both spatially and temporally (Aspinall, 1996). Assessments of

diversity commonly only relate to biodiversity, but the landscape and its

attributes are an important function in ecological diversity.

Diversity measurements can be divided into three classes: indices of richness,

abundance distribution models, and the proportional abundance of objects

(Magurran, 1988). Richness indices relate to the number of species or features

of interest in a location; in pedology this could be the number of soil types

within a sampling unit. The oldest and most fundamental concept of diversity

is species number (Peet, 1974). Measures of species richness are in frequent

use and are among the least ambiguous of diversity measures. Richness is an

indicator of the relative wealth of species in a community. The diffculty stems

from the inherent dependence of any richness measure on sample size; the

larger the sample the greater the expected number of species. Abundance

distribution models describe the distribution of species or a given attribute in a

landscape, and their abundance. The proportional abundance of objects is the
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most frequent means of estimating diversity, and gives the most complete

mathematical description of the data (Ibáñez et aI., 1995). This index may be

assessed in terms of richness and evenness. Richness is concerned with the

number of objects present in a sampling unit, and evenness with the relative

abundance of the objects. Thus, when comparing two landscapes of equal size

and richness, the landscape which has a more equal distribution of the

different patches wil be the most diverse as each patch has relative equally

probability. A landscape which possesses a more or less equal distribution of

patches wil also have a greater edge effect, which is important for maximising

local diversity (Noss, 1983). However it is frequently argued that species

richness alone is the most fundamental issue of diversity, and that the

abundance of these species and the evenness of their distribution within an

area are secondary (Kent and Coker, 1992). In terms of conservation and of

biodiversity, then species richness is the most desirable measure of diversity,

and has been the prime focus of many ecological diversity studies (Baker,

1990; Nilsson et al., 1989). However, a highly species rich environment, such

as floodplain habitats, could be highly fragile. In addition, a habitat with high

species richness but only few individuals of each species present is also an

unstable community and change and succession could eliminate many of the

rare species present. Consequently many ecologists consider species evenness

and abundance to be important in diversity analyses. This is because

communities which have high species abundance and evenness, but which

could have low species richness, for example heather moorland, are more

stable and resilient to .disturbance. The long debate over the relationships

between species richness and stability has concluded that the two cannot be
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compared as they are in essence measuring different phenomena (c.f. Kent and

Coker, 1992). In the case of floodplain environments species richness could be

argued as being the most important measure of diversity as the floodplain is

inherently unstable in nature due to flooding disturbance.

2.6.2. Indices for measuring diversity

Landscape indices are descriptive statistics of landscapes. They are measures

of size, shape, variation, diversity and the spatial arrangement of patches in

two or three dimensions (Fry, 1996). The most commonly used diversity

indices are the Shannon Index and the Bril10uin Index, although the Shannon

Index is preferred for its relative ease of calculation (Ibáñez et aI., 1995; Kent

and Coker, 1992). Although the Shannon index is primarily used in ecological

studies, Ibáñez et al., (1990; 1995) have shown that it can be applied, amongst

other phenomena, to assessing pedodiversity.

Due to increased focus on sustaining biodiversity, much ecological research

has been directed into the development of new landscape indices that can be

easily applied to land management practices (e.g. Aspinall, 1996; French,

1994; Fry, 1996; Hulshoff, 1995; Ibáñez et al., 1995; Ibáñez et al., 1996;

Iverson, 1988; Noss, 1983; O'Neil1 et al., 1988; Olsen, 1993; Tabacchi et al.,

1996). O'Neil et aI. (1988) developed three indices of pattern for assessing

landscape diversity with the objective of developing a set of indices that can

be correlated to ecological processes. The first index is designed to measure

the dominance of one or a few land uses in the landscape. The second index is

49



a measure of contagion, which describes the connectivity and aggregation of

landscape patches. The third index measures the fractal geometry of the

landscape describing patch complexity, which correlated with the extent of

human modification of the landscape. This index is calculated by regressing

the polygon area against the perimeter for each patch within a classified GIS

image. However, the regression technique is not suitable for use in small

landscapes (Olsen, 1993).

Olsen (1993) also used fractals to develop landscape indices, as fractals are a

useful aid for describing spatial patterns and the geometric complexity of

landscape features. This paper evaluated landscape diversity, accounting for

patch shape, patch juxtaposition, and patch evenness, at a range of spatial

scales using a modified fractal dimension within a classified image in a grid-

based GIS. This modified fractal dimension methodology allows the analysis

of perimeter-area relationships, and accounts for patch geometry and perimeter

complexity, which are ecologically important for maintaining diversity and the

edge effect. This method modifies the fractal dimension measured by

accounting for the geometry of the patches, and their juxtaposition with other

patches to give a better description of landscape diversity. This method has the

added advantage that in moving away from the traditional regression

technique for calculating fractal dimensions, so smaller landscapes can be

analysed (Olsen et al., 1993).

Many indices for assessing diversity confuse the concepts of evenness and

richness. French (1994) produced an index that combines these two concepts
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to give a measure of variety and abundance by developing a Hierarchical

Richness Index (HRI). The HRI is a versatile index which can be applied to

any data set which can be divided into mutually exclusive groups at any

hierarchical level (French, 1994). In addition, different HRIs can be compared

provided the sampling and grouping criteria are identicaL. These groups can be

formed by using any suitable criteria for the data set.

Hulshoff (1995) used indices developed in the USA to evaluate temporal

change in diversity in a Dutch landscape. This was achieved by comparing a

change index with pattern indices. The pattern indices measured the

distribution and abundance of each land use type, the number of patches, mean

patch size, and two shape indices. The change index examined how the

landscape had altered over a l40-year period using the values from the pattern

indices for different time periods. The pattern and change indices are a useful

tool for examining landscape evolution, provided that reasonably accurate

historical data is available, and for assessing human impact. However, these

indices do not detail information fn the change in geographical position of the

landscape patches, or patch interior and patch perimeter complexity.

The only index discovered to date which incorporates cultural impacts is the

method developed by Tabacchi et al. (1996). Landscape diversity was

measured in this instance using a one-way ANOVA on each parameter

thought to influence diversity. The parameters included in the study were

divided into intensity classes and included human influence, the main land

use, river zonation, and the level of urbanisation.
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This section has briefly outlined the various methods for assessing landscape

diversity and reviewed a range of indices that have the potential for its

evaluation. An index, or group of indices, has yet to be developed to fully,

simply, and comprehensively measure landscape diversity, which allows

diversity analyses to be conducted for each landscape attribute, and their

combination to evaluate overall diversity at a range of spatial and temporal

scales.

2.7. Spatial analysis

2.7.1. Geostatistics: semivariance and kriging

There has been a multitude of techniques developed for assessing spatial

patterns in landscapes, summarised by Turner and Gardner (199la). However,

many of the methods do not account for spatial autocorrelation (Augustin et

al., 1996). Techniques that do incorporate auto correlation include the Moran

Coeffcient, Geary Ratio and Cliff-Ord statistic (Qi and Wu, 1996). The use of

geostatistics is therefore becoming increasingly popular in ecological spatial

analysis. By calculating the semi variance of a given propert via the

semivariogram, the range of spatial dependence can be determined, thus

eliminating the problem of auto correlation in ecological data. Recent

ecological research that has tested the application of geostatistics in landscape

studies includes Meisel and Turner (1988), Roberstson (1987) and Rossi et al.

(1992). Meisel and Turner (1988) recommend semivariance analysis as a tool
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for quantifying some spatial characteristics of ecological data. This analysis

may also be employed to derive information on the spatial scales of variation

of a given landscape property.

Landscape pattern is important in ecological studies to assess diversity.

Geostatistics is a means of assessing spatial patterns and has been applied in

landscape ecology, but it has not been employed in floodplain environments

despite the recognition that they are among the most diverse habitats in

temperate zones and are of interest in current ecological studies. There is high

spatial variability inherent in semi-natural floodplain areas, but few studies

have quantified this spatial heterogeneity. Moreover there stil remains no

accepted methodological approach to assessing landscape diversity in

floodplain environments.
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Chapter 3: The Development of a methodology for interrogating

floodplain landscape diversity: Tomdachoile Island SSSI case study.

3.1. Introduction

A medium-sized dynamic wandering gravel-bed river system with zones of

semi-natural vegetation was selected as the study area as it is known to have

developed important riverine habitats. A pilot study was conducted on

Tomdachoille Island SSSI on the River Tummel, Perthshire to develop a

methodological approach and to answer the aims and objectives of this thesis

over a defined area. The first aim of this chapter is therefore to investigate the

relationships between landscape components and to examine the spatial

patterns of diversity within the floodplain. The second aim is to develop a

model of the controls on diversity within the floodplain, to be tested and

validated on other reaches of the river.

3.2. Methodology

3.2.1. Criteria for the selection of study areas

A floodplain area exhibiting a mosaic of riparian habitats, with a long

chronology of channel adjustment, is required in order to assess the role of

river channel change on pattems of diversity. The study area was selected

objectively by constructing a table of river and floodplain characteristics

relating primarily to geomorphic controls (Appendix 2). From this table,
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wandering gravel-bed rivers were selected for analysis as they display medium

stability between meandering and braided channels. River channels showing a

moderate degree of instability also tend to have the highest diversity (Petts and

Amoros, 1996b). They are generally more dynamic locally than meandering

rivers, which have highly managed floodplains in the UK, and are more stable

than truly braided channels that frequently change course over the floodplain.

Braided channels are also rare in the UK context, as these rivers were

historically the first rivers to be managed due to their inherent instability

(Bravard and Petts, 1996).

The initiative behind selecting wandering gravel-bed rivers is that the fluvial

dynamics will create a diverse range of landforms and provide disturbance

through regular flooding. These landforms wil be of varying stability across

the floodplain, from highly unstable to very stable. This wil result in a mosaic

of vegetation types across the floodplain at different stages of succession.

Such rivers are sinuous and multi-channelled with a mosaic of erosion and

deposition land features, producing a patchwork of landforms, soil and

substrate variation, and, consequently, a variety of habitats. Numerous

wandering-gravel bed rivers were studied from maps, aerial photographs and

field visits throughout Scotland and northern England. For each river and its

floodplain considered for research, a criteria checklist was completed. The

SSSI areas of the River Tummel floodplain were selected as the study areas,

meeting all the criteria; and permission to carry out research on the floodplains

was easily granted.
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Tomdachoille Island SSSI was initially selected for the primary study area due

to its geomorphic complexity and botanical diversity. A representative 3.5 ha

area of the site, (Plate 3.1), predominantly undisturbed by human activity over

at least 100 years was selected as the study area.

3.2.2. Historical analysis and aerial photograph interpretation

Historical records were acquired, including maps from 1867, 1900 and 1990,

aerial photographs fro~ 8th May 1946, ih August 1968, 6th July 1971, 15th

May 1988 and 16th May 1994. Botanical reports (Coates, 1906; 1915), surveys

and records held by Scottish Natural Heritage (SNH) were also collected and

collated. Changes in channel course, landforms, vegetation patterns, land use

change, channel modifications and other engineering works were examined.

Maps of topography, vegetation and channel change were derived from aerial

photograph interpretation of the study area. Possible soil boundaries can also

be superimposed upon the base map. The base map thus derived was used to

aid the location of the sampling grid in order to incorporate maximum

variability of the landscape features.

3.2.3. Field sampling strategy

3.2.3a. Sampling strategy

Field sampling was conducted on a stratified, systematic, unaligned strategy.

This method was selected as an unbiased approach to sampling when the
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~N
Plate 3.1: Tomdachoile Island SSSI study area incorporating a diverse mosaic
of semi-natural habitat types.
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underlying trends are unknown. This method provides more accurate estimates

of variance and mean values than other sampling techniques (Smart and

Grainger, 1974). This mode of sampling also provides the advantages of

randomisation and even spatial coverage of the study area. A sampling grid

was overlain on an enlarged air photo of the study area, illustrated in Plate 3.1.

The grid consists of 144 cells measuring l5.5m2 . The relatively fine grid was

chosen in order to obtain an extensive data set and to derive suffcient

inforn1ation on the fine scale of variation in vegetation patterns, soil properties

and elevation.

Sampling points were located in the cells with the y-axis co-ordinates varying

randomly along the rows of cells and the x-axis co-ordinates varying randomly

along the columns. Thus, a random co-ordinate for the x-axis was selected for

the top left grid celL. This co-ordinate remains static for the entire top row of

the grid. A random y-axis co-ordinate is then selected anew for each grid cell

in the top row to locate the sample point. Likewise the y-axis values selected

for each grid cell remain static for each column and the x-axis co-ordinates are

re-selected for each new row of the grid. These random co-ordinates were

translated into meters to locate the sampling points in the field.

3.2.3b. Vegetation survey

Vegetation patterns were initially mapped and classified from aerial

photograph interpretation using the UK National Vegetation Classification

(NVC) Phase 1 Habitat Survey (Nature Conservancy Council, 1990). The
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mapping units were subsequently verified by field inspection and boundaries

adjusted where appropriate.

The vegetation was surveyed and recorded using the NVC nested quadrat

approach (Rodwell, 1995b) during June and July 1997. The information was

recorded on the standard NVC sample card (Rodwell, 1991a). Quadrats were

re-surveyed during February and March 1998 in order to include early

flowering species missed during the summer survey. All species within the

quadrat was recorded and its abundance estimated on the Domin scale

(Rodwell, 1 995b). However, due to the fine sampling grid and the small extent

of woodland stands, total tree cover was recorded, with the grid square being

the unit of measure. Floristic data was amalgamated where more than one

quadrat size was required to record a sample.

3.2.3c. Soil sampling

Soil profiles were examined at each sample point with soil development, and

samples collected for subsequent laboratory analysis. Soil profies were

examined in the field using a Dutch auger and described according to Soil

Survey of Scotland. Soil profiles were recorded to the depth of the underlying

alluvial gravel deposits. Fixed depth samples were taken at l5-30cm and 60-

75cm to represent the topsoil and subsoil respectively due to the lack of

horizon development. In areas with no soil development, substrate size was

recorded with the use of a pebble plate. Pebbles were allocated to one of 14
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size classes, and the abundance of each size class was expressed as a

percentage cover.

3.2.3d. Topographic survey

The floodplain was initially mapped and classified on the basis of geomorphic

characteristics. Quantitative topographic data of relative height was recorded

at each sample point during November 1997 and January 1998 using an

Electronic Distance Measure (EDM). Summer base-flow was estimated by

recording the level of the water along the riverbank with the EDM between

June and August.

3.2.4. Field data handling and processing

The data were analysed using a variety of statistical packages to identify

patterns and relationships between environmental variables on Tomdachoille

Island SSSI. From this preliminary analysis a model of the controls on

floodplain diversity within the study area will be formulated and tested along

different reaches of the river.

3.2.4a. Vegetation data

Quadrat data of species records and environmental variables was entered into

a DOS editor file as a standard NVC data-file using the formal FORTRAN

format (I8,2X,1O(I4,13)) right justified spacing. The resulting data fie was
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prepared for the multivariate analyses TWINSPAN (two-way indicator species

analysis) (Hill, 1979) and CANOCO (canonical correspondence analysis) (Ter

Braak, 1987) using the SELECT routine in VESPAN HI (Malloch, 1997a).

TWINSP AN classifies multivariate data by divisive cluster analysis. This

procedure makes a dichotomy of the main axis of ordination and splits the data

into two groups, which are subsequently split again to the specified level of

divisions. A maximum of 5 divisions was requested for this analysis and

default settings were accepted. Following the initial run of TWINSPAN, it

was evident that four of the samples (K3, L3, M2 and M3) were exceptionally

different from the other samples. These samples were segregated from the

remaining 140 quadrats at the first level of divisions. This resulted in the bulk

of the data being divided on the negative branch of the dendrogram. These

four samples were accepted as forming an end group and a discrete vegetation

type for entering into the TABLE routine. The TWINSPAN routine was re-run

with these four samples omitted from the analysis to produce a balanced

dendrogram.

The end groups of samples derived from the TWINS PAN analysis were input

into the TABLE routine. Sample order was entered into the TABLE routine in

the order derived from the final table end groups produced by TWINSPAN.

Constancy tables for the species and summary statistics for the environmental

variables were calculated. All other default settings were accepted.

Data were prepared within TABLE for community classification using

MA TCH (Malloch, 1997b). This routine uses the Czekanowski co-effcient of
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similarity to compare the sample data with the NVC frequency tables for the

standard British Plant Community types. The co-effcients for the ten closest

matching sub-communities were examined for community classification.

MA TCH is only an aid to classification and should be used in consultation

with the British Plant Community publications. In addition, a low co-effcient

is not necessarily a poor fit due to the highly variable nature of vegetation

(Mal1och, 1997b). Some of the vegetation types encountered on Tomdachoil1e

Island have not been classified within the British Plant Community system to

date. These communities are classified and described using the indicator

species and species with high constancy and frequency.

Relationships between species, samples and environmental variables were

analysed using CANOCO for WINDOWS verSlOn 4.0. CANOCO

quantitatively relates species composition of communities to the environment.

Species data was log-transformed in order to approximate a normal

distribution. Rare species were downweighted to reduce bias in the analysis.

The analysis was carried out using inter-species distances. Environmental

variables were tested for their influence on explaining species patterns and

variation using manual forward selection with the Monte Carlo permutation

test. Permutations were canied out under the full modeL. The Monte Carlo test

tests the significance of each variable in its effect on the species distribution. It

also examines whether one variable has an effect on the species distribution

after taking into account the effect of another variable. This method plots

species distributions at the centre of their niche in the ordination diagram, and

the samples with these species present are located around that point. The
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output displays the pattern of variation of species distribution within a

community in relation to environmental variables (Ter Braak, 1987), making it

more effcient than multiple regression analysis. Canonical correspondence

analysis therefore provides a simple technique for analysing the impacts of

environmental variables upon the distribution of species and pattern within

communities. The resulting ordination diagram displays the distribution of

species along axes of variation. The position of the environmental variables

indicates the major direction of change and the strength of the relationship

between the variables and the species. Caution should be taken when

examining the ordination diagram as species that bear no relation to the

variables included in the analysis are plotted in the centre of the diagram.

Interpretation of this area of the diagram should thus be calTied out with

reference to the species-by-site data table in order to distinguish those species

that are truly located there from those which are not (Ter Braak, 1987).

Due to the stratified sampling procedure for vegetation analysis, the

differences in sample area of the quadrats was compensated for as species

richness typically increases with sample area. Species richness was

transformed to accommodate this source of variation. Species richness values

approximated a norn1al distribution therefore the transformed species richness

index (TSR) was applied to the data:

Species richness = number of species/logio of the area sampled

(Whittaker, 1972; Whittaker, 1975).
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Where more than one quadrat size had been used for one sample, the mean of

the TSR index for each quadrat size was taken to calculate the final TSR index

3.2.4b. Soil and substrate data

Soil samples collected in the field were analysed for moisture content (SMC)

using the methodology given in Rowell (1994). The remaining soil was air

dried for further analyses. The air-dry soil was gently ground to break up the

aggregates prior to sieving. Particle size was assessed using the mechanical

sieve analysis technique (Rowell, 1994). All other analyses were carried out

on the fine earth fraction (~2mm). Soil pH was detennined in both water and

0.125M CaClz (Rowell, 1994). Organic matter content (OMC) was measured

by loss-on-ignition (Bascomb, 1982).

Particle size data was summarised using indices to describe the nature and

distribution of the size classes. Indices calculated using the phi scale are

minimum (MINDOM), maximum (MAXDOM), median (MEDOM), mode

(MODOM) and mean (MEAN) size class (Wright et aI., 1984). The MEAN

was calculated by weighting the phi classes by the percent composition of the

sediment based on 5 phi classes using the following equation:

McP = (cP i 0 + cP30 + cPso+ cP70 + cP9o)/5

(c.f. Wrightetal., 1984)
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Particle size heterogeneity was measured by counting the number size classes

present in each sample (Nilsson et aI., 1991). The range of particle size classes

was calculated as a further measure of heterogeneity by subtracting the

smallest size class from the largest size class present in each sample. The

measure of heterogeneity when compared with the other statistics can also be

used to infer the moisture holding capacity of the substrate. Where samples

with a high percentage of fines and a small range within the finer end of the

scale can be said to have relatively high retention ability, and coarse substrates

with a large range having lower moisture retention capacity. Diversity indices

of soil and substrate data were calculated in accordance with Ibáüez et al.

(1990; 1995) and Ibáñez, (1996).

Soil and substrate data were classified into groups usmg cluster analysis.

Observations were clustered by variables usmg between groups linkage-

squared Euclidean distance model in MINIT AB version 12 cluster analysis.

The variables used in the analysis are soil depth, SMC, OMC and particle size

indices. Soil groups were assigned a reference number according to the order

of the end groups in the analysis results.

3.2.4c. Elevation data

Topographic data of relative height recorded with an EDM was downloaded

and processed in LISCAD Plus version 4.0. Elevation data was exported into

Excel for statistical analysis. The elevation of sample points was expressed as

height above or below summer base-flow by subtracting the mean water-level
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values from the elevation readings for each sample point. Absolute values of

elevation were used as correction for channel slope was not essential due to

the relatively small spatial area covered by the study area and also due to the

fact that the drop in water surface elevation through the study area was low.

Landforms were classified by field mapping and cluster analysis of elevation

data. The landforn1 classes were allocated a reference number from low to

high according to height above the channel and described according to their

geomorphic structure.

3.2.5. Statistical analysis: examination of heterogeneity and relationships

3.2.5a. Diversity indices

Species richness is the most commonly applied index of diversity (Magurran,

1988). This simply involves summing up the number of different species

encountered within a sample. Species richness is a robust index of diversity as

it accounts for rare plants, which is relevant for conservation issues. The

Shannon index (H') is most commonly applied for evaluating both species

richness and abundance, but it also accounts for rare species. Basic

assumptions to be met when applying this index are that sampling was

undertaken randomly and from an 'infinitely large' population and that all

species present within the community are included in the analysis (Kent and

Coker, 1992). The Shannon index is calculated by the equation:

s

Diversity HI = - ¿ pi * In pi
i~1
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where:

s = the number of species

Pi = the proportion of the individuals or the abundance of the ith species

expressed as a proportion of total cover

ln = log basen

For this analysis Pi was estimated as the abundance of the ith species

expressed as a proportion of the total cover. Any base of log may be used in

calculating the index (Kent and Coker, 1992), with loge commonly being

employed for the Shannon index (Greig-Smith, 1983). For this analysis the

natural log was used as it gave values between 1.5 and 3.5, typical of Shannon

index results (Margalef, 1975). For diversity studies it is frequently important

to estimate evenness, which is calculated from the equation:

Equitability (evenness) J = H'
H'max

s

- ¿pi*lnpi
1=1=

lns

where:

s = the number of species

Pi = the proportion of the individuals or the abundance of the ith species

expressed as a proportion of total cover

ln = log basen
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The higher the returned value of J, the higher the diversity of the sample as the

species are more evenly distributed within the sample area. In calculating both

of these indices, the Shannon index provides a means of quantifying both

species richness and evenness of species abundance (Kent and Coker, 1992).

Diversity scores derived for a number of quadrats from the same population

using the Shannon index tend to show a normal frequency distribution, thus

allowing parametric test to be performed to analyse relationships between

diversity and environmental variables (c.f. Ibáñez et al., 1995).

Habitat diversity within the study area was calculated along and across

transects. This describes the pattern of habitat diversity both parallel and

perpendicular to the main channel, enabling conclusions to be drawn on how

diversity varies spatially in relation to the river. Habitat diversity along

transects was calculated using a modified version of the Shannon Index:

1/

Habitat diversity Hv = - I f logef

i=1

where:

li = length of a transect occupied by a vegetation unit i

i = total length of a transect

n = the number of habitat types identified along a transect.

(Prach et al., 1990)

Diversity indices were calculated with the data grouped according to plant

community, soil/substrate group and landform class respectively. Bio-, pedo-

and geo-diversity were also calculated perpendicular and parallel to the main
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channel to measure variability across the floodplain in relation to the river. An

average value was calculated for transect diversity scores to assess landscape

diversity based upon these three components.

3.2.5b. ExploratOlY data analysis (EDA)

Exploratory data analysis was carried out on the whole data set and within the

end groups produced by TWINSP AN and cluster analysis of soil and elevation

data as a prerequisite to further statistical analyses. These involved plotting

histograms to view the distribution of the data, normality tests, scatterplots and

calculating descriptive indices of the data (mean, minimum, maximum and

standard deviation). In the occurrence of the data not having a normal

frequency distribution, transformations were made to approximate a normal

distribution. Positively skewed data was transformed using natural log, square

root or reciprocal transformation, and negatively skewed data was conected

using the exponential, square or cube transformation. Where a given property

displayed a norn1al frequency distribution, the mean and the variance (the

standard deviation) was used as a measure of heterogeneity (Wright, 1996).

3.2.5c. Hypothesis testing

All data was entered into MINITAB version 12 and organised into landform

classes for analysis. The strength of linear relationships between variables was

tested using Pearson's conelation coeffcient. This test assumes a norn1al

frequency distribution, however Moore and Cobby (1998) report that the test
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can be performed with confidence on data that does not have a normal

frequency distribution provided the data does not show asymmetry or discrete

groupings. The resulting correlation coefficient was tested for significance

with n-2 degrees of freedom.

Causal relationships were examined using least-squares regression analysis.

Hypotheses were formulated to test causal relationships between variables. In

cases where more than one independent variable held a significant relationship

with the dependent variable, best subsets regression analysis was perforn1ed

prior to multiple regression.

The landform groups were tested to assess whether the means of the variables

within one group were significantly different to the means in the other groups

by one-way analysis of variance (ANOV A). Test results were validated with

Bonferroni post-hoc test.

3.2.5d. Geostatistics (semivariance and kriging)

Geostatistics was employed to explore the scale and pattern of landscape

diversity. Geostatistical analysis was performed using GS+ for WINDOWS

version 3.1. The analysis assumes that data approximates a normal frequency

distribution. Log normal or square root transformations were applied where

appropriate with weighted- and standard- back-transforn1ations respectively.

Eastings and northings co-ordinate data was derived from EDM data. GS+

defines semivariance as:
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y(h) = (l/2N(h)) ¿ (Z¡-Z¡+1i)2

where:

y(h) = semivariance for interval distance class h

Z¡ = measured sample value at point i

Z¡+ii = measured sample value at point i+h

N(h) = total number of sample couples for lag interval h.

GS+ calculates y(h) for every combination of points within the data and

allocates each pair to an interval class. The sample point is compared with

itself at lag zero at the outset of semivariance analysis. As the lag distance

increases, the points that are compared to each other are increasingly different.

This causes semivariance to increase with an increase in the lag distance. A

critical distance is eventually reached whereby the samples become spatially

independent and the squared differences of the paired points is equal to the

average variance of the data causing the curve to level off (Meisel and Turner,

1998). GS+ automatically calculates the active lag and uniform interval for the

data range. The semivariogram is constructed by plotting h with semivariance

for each class. Semivariance typically increases with lag distance up to sil

variance which is where the curve levels off. The sil variance is an estimate

of the a priori variance of the random variable (Webster and Oliver, 1990).

The point at which sil variance is obtained defines the range, indicating the

scale of spatial dependence on the x-axis of the semivariogram. At lag zero,

semi variance typically intercepts the y-axis at a positive value. This is called

the nugget effect (Webster and Oliver, 1990). Nugget variance estimates the
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variability in the parameter value that occurs around the sample point. A

nugget variance of close to zero indicates minimal localised variation of the

property measured. Semivariance was scaled to sample variance in order to

compare semivariograms constructed for each variable analysed.

Isotropic and anisotropic (direction dependent) semivanograms were

calculated. Anisotropic semivariograms were computed for 0°, 45°, 900 and

135°. These orientations are paliicularly suited to data sampled on a regular

grid (Rossi et al., 1992). GS+ gives the option of five models to fit to the

measures of semivariance. These models are spherical, exponential, linear,

linear to sil, and gaussian. GS+ selects the best-fit model using three

statistics: proportion of spatial structure (C/(Co+C)), RZ (regression

coeffcient) and RSS (reduced sum of squares). The RSS provides a precise

measure of how well the model fits the semi variance data. The lowest RSS

indicates the best-fit modeL. Linear models are not suited to two-dimensional

data (Webster, pers.comm).

The hypothesis tested is that the scale of botanical and pedological variation in

the landscape mirrors the pattern of topography, in that the geol10rphic

evolution of the floodplain is the primary controlling factor on the landscape

habitat mosaic. A second hypothesis is that biodiversity is also influenced by

pedological variation within the study area. Semivariograms were constructed

to measure the scale of spatial dependence for vegetation diversity indices and

pedological variables which hold significant correlations with elevation within

the whole data set. Semivariograms were compared to assess congruence
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between the degrees of spatial dependence within the study area. Similarity in

the range of spatial dependence between variables can be loosely used to infer

linkages and interactions.

Kriging analysis was subsequently performed using inforn1ation on spatial

dependence derived from semivanance analysis using GS+. Kriging is a

sophisticated method of local averaging and spatial interpolation as it

estimates unknown values with known variance (Webster and Oliver, 1990).

By mapping the variance of the kriging estimates it can be determined whether

sufficient sampling has been undertaken. Where the variance results are high,

the map will show the areas where more samples need to be collected to

improve the analysis and interpolation.

Block kriging was performed as average values of a given property over the

interpolated area are more meaningful than exact predictions for a single point

in space calculated using punctual kriging (Burgess and Webster, 1980b).

Kriging estimates were tested for accuracy by jack-knife cross-validation. This

provides a regression coeffcient of goodness of fit for the least squares modeL.

The kriging results were plotted using the Map routine in GS+. Maps of the

variance (standard deviation) of the kriging estimates were also plotted.
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3.3. Results

3.3.1. Historical data interpretation

Historical changes in the planforn1 of the river are described in chapter 1,

section 1.3 and are discussed further in relation to landscape pattern change in

Chapter 5. The aerial photographs presented in Plate 1.1 show how the

channel has changed course and planforl1 over the past 50 years in the vicinity

of Tomdachoille Island. Examination of the plates reveals that the channel

became more complex post 1946. Unfortunately there is little knowledge of

how the river and floodplain landforn1s changed between 1903, following

embankment abandonment, and 1946 due to there being no aerial photography

or map data for this period. This, along with the subsequent channel change,

has had the effect of enhancing habitat richness diversity within this zone.

3.3.2. Vegetation classification and description

The NVC Phase 1 Habitat Survey map is presented in Figure 3.1. The end

group communities derived from TWINSP AN analysis correspond to the

habitat boundaries on the NVC Phase 1 habitat survey map. This validates the

accuracy of mapping vegetation purely by aerial photograph interpretation.

This gives confidence in mapping the vegetation from earlier aerial

photographs for which quantitative floristic data cannot be attained for

analyses on patch size, shape and change, which is covered in Chapter 5.

74



Study area
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_ Broad1eaved semi-natural woodland
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Figure 3.1: NVC Phase 1 Habitat Survey map of Tomdachoille Island
SSSI study area.
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3.3.2a. TWINSPAN interpretation

On the initial run of TWINS PAN, samples K3, L3, M2 and M3 were split

from the other 140 samples at the first level of divisions. The eigenvalue

measuring the strength of this division is 0.498. The positive indicator species

characterising this community is Glyceria fluitans, which is an aquatic species

typical of swamp vegetation. The following paragraphs describe the divisions

made on the sample data with these four samples omitted from the

TWINSP AN analysis.

The first split in the TWINSPAN sample divisions has a relatively high

eigenvalue of 0.434. The diagram of divisions is presented in Figure 3.2. From

the dendrogram and examination of the sample divisions on the TWINSP AN

final table it is evident that the samples have been initially split dividing the

drier and more elevated areas of the floodplain from the low-lying and wetter

areas. The negative indicator species for the drier zones are Stellaria

graminea, Anthoxanthum odoratum, Festuca rubra and Rhytidiadelphus

squarrosus; the positive indicator species is Impatiens glandulifera, which is a

typical invasive species of streamside and riverbank habitats.

The following paragraphs discuss the divisions made on the negative side of

the dendrogram only. At the second level of divisions, the next split was

made with an eigenvalue of 0.357 separating early succession stages on the

abandoned gravel bar from the meadows and woodlands. The negative
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indicator species for this split is Thymus drucei. Level two of the divisions was

accepted as the final end group (end group 1) for the samples on the negative

side of the split. On the positive side of level 2 divisions, the meadow areas

and scrub were separated from the woodland. The eigenvalue of the split is

0.260 and the positive indicator species are Acer pseudoplatanus, Betula

seedling, Betula pendula, Oxalis acetosella and Geum rivale.

The negative group at level 3 of the divisions was split with an eigenvalue of

0.291 separating the scrub vegetation from the meadows. The negative

indicator species associated with the scrub are Rubus Futicosus agg.,

Sarothamnus scoparius and Alnus glutinosa. The positive indicator species for

the meadows is Galium verum. The samples characterised by scrub species

were separated down to the final levelS of the divisions with an eigenvalue of

0.340. The positive indicator species is Chiysanthemum leucanthemum. The

negative end group (end group 2) from this split is made up of samples taken

on the forn1er river embankment, which is now colonised by a dense layer of

S. scoparius. The scrub community making up the positive end group of this

division lies adjacent to the riparian woodland areas and has a relatively rich

field layer.

The meadow communities are separated on the positive branch of the fourth

level of divisions with an eigenvalue of 0.243. The negative indicator species

for this split are Arrhenatherum elatius, Cirsium vulgare, Hypericum

per/oratum and Centaurea nigra. These species are characteristic of the

Arrhenatherata meadow, which these samples are taken from. The indicator
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species for the positive end group (end group 5) are Trifolium repens and

Succisa pratensis. These samples are taken from the herb rich meadow

adjacent to the Betula woodland.

The positive group at level 3 was further split at level 4 to separate out those

samples dominated by Betula species, with the negative indicator species

being Betula seedlings, and the quadrats which were dominated by alder. The

eigenvalue of the split is low at just 0.182, however the floristic composition

and structure of these two habitats justifies the division. Level 4 divisions

were accepted as the end groups for these woodland communities (end groups

6 and 7).

The following paragraphs describe the divisions made on the positive tail of

the sample dendrogram. The division at level 2 has an eigenvalue of 0.426

with negative indicator species A. glutinosa and Galium aparine. This split

separates out the samples that were recorded from riparian woodland areas and

the point bar. Level 3 of the divisions separated the riparian communities from

the aquatic vegetation running along the stream emerging from the riparian

woodland flowing to the backwater. The eigenvalue of this split is 0.298 and

the positive indicator characterising the separation is Agrostis stolonrfera. The

negative group at level 3 was further split with an eigenvalue of 0.259 dividing

the riparian woodland community with gravel substrate from the riparian

woodland with sandy substrate. The basis of the split was due to variation in

the field layer vegetation resulting from substrate texture. The negative

indicator species typical of the riparian community with gravel substrate are A.
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pseudoplatanus sapling and Salix viminalis. The positive indicator species for

the woodland with sandy substrate are Stachys sylvatica, Ranunculus acris, G.

aparine and Filipendula ulmaria. For both of these groups (end groups 8 and

9), the level 4 divisions were accepted as the end groups. The positive group at

the level 3 division fonns the end group as it only contains one sample (end

group 10).

The positive group at level 2 of the divisions was split with a relatively high

eigenvalue of 0.420. The negative indicator species is Digitalis purpurea and

the positive indicator species is B. pendula saplings. This split separates out

the areas of the point bar that are sparsely vegetated from those areas that are

colonised by scrub species. The divisions made at level 3 for this group were

accepted as the end groups (end group 11 and 12).

3.3.2b. Community classifcation

A total of 13 vegetation types were identified by the TWINSP AN analysis.

The constancy tables produced in the TABLE routine for each of these

habitats are given in Appendix 3. These tables show the floristic composition

of the communities along with a summary table of the environmental

variables. The best fitting British Plant Communities for each end group are

presented in Table 3.1 along with the MATCH co-efficient. Descriptions of

the floristic characteristics of these habitats are given in the British Plant

Community publications (Rodwell, 1991a; 1991b 1992, 1995a). The MATCH
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routine failed to allocate a suitable vegetation type to the gravel habitats, as

these communities have not been sampled in the British Plant Community

system. Habitat names for these communities have been given according to the

dominant and most abundant species characteristic of the community.

Vegetation maps are presented in chapter 5.

3.3.3. Floristic relationships with environmental variables

The results of the forward selection of environmental variables in the

CANOCO routine are given in Table 3.2. The table shows the cumulative

variance of each variable in explaining the pattern of species distribution, and

the order in which the significant variables (p~0.05) were included into the

modeL. A summary of the CANOCO output is given in Table 3.3. The total

inertia is a measure of the total variance in the species data (4.594). The

eigenvalues are a measure of the importance of an ordination axis. The

species-environment conelations are a measure of the strength of the

relationship between the species and environment for a given axis, with axes 1

and 2 having high values (0.935 and 0.870 respectively). The cumulative

percent variance of the species-environment relation shows that 57.9% of the

variation in the species distribution is explained by the environmental

variables II the first two axes. The resulting ordination diagram produced

when plotting the species scores with the biplot scores of environmental

variables is given in Figure 3.3. The analysis shows that 10 environmental

variables are significantly correlated to the pattern of the species distribution.

The direction and length of the arrows on the ordination diagram denote the

82



Table 3.2: Forward selection of significant environmental variables (p~0.05)

in CANOCO. Total variance describes the cumulative variance each property

explains when added to the modeL. The variables are presented in the order

they were included into the modeL.

Variable Total p-value
vanance

Soil depth 0.26 0.005
Tree cover 0.49 0.005
Open water 0.62 0.005
Elevation 0.67 0.010
Unvegetated gravel 0.80 O.OOS

Unvegetated soil 0.88 O.OOS

Particle size range 0.94 0.010
Heterogeneity 0.98 0.020

MEDOM 1.02 0.040
Tall herb cover 1.07 0.025

Table 3.3: Summary statistics of the CANOCO results for the first 4
ordination axes.

Axes 1 2 3 4 Total inertia

Eigenvalues 0.373 0.246 0.125 0.098 4.594

Species-environment correlations 0.935 0.870 0.659 0.702

Cumulative percent variance:

Of species data 8.1 13.5 16.2 18.3

Of species-environment relation 34.9 57.9 69.6 78.8

Sum of all unconstrained eigenvalues 4.594

Sum of all canonical eigenvalues 1.068

83



00 .t

3

Is
ol

at
ed

po
in

t b
ar

2

A
. e

la

-
 
.
5I M

ea
do

w
s 

I :

M
E

D
.

"
 
-
1

I 
B

ir
ch

 w
oo

dl
an

d

I P
oi

nt
 b

ar
 I

/
 
R
.
f
r
u

,O
W

. '
A

 I
B

S 
. l

 '.
- 

: ,
g 

u 
.1

.J
.

',2

T
%

I R
ip

ar
ia

n 
w

oo
dl

an
d 

I

2.
5

I S
w

am
p 

I

F
ig

ur
e 

3.
3:

 O
rd

in
at

io
n 

di
ag

ra
m

 o
f s

pe
ci

es
 a

nd
 e

nv
iro

nm
en

ta
l v

ar
ab

le
s 

on
 T

om
da

ch
oi

le
 Is

la
nd

 S
S

S
I. 

E
nv

iro
nm

en
ta

l v
ar

ab
le

s
ar

e 
de

no
te

d 
by

 a
ro

w
s 

an
d 

re
d 

sq
ua

re
s;

 th
e 

sp
ec

ie
s 

ca
rr

in
g 

a 
hi

gh
 w

ei
gh

t f
or

 it
s 

sp
ec

ie
s 

sc
or

e 
ar

e 
m

ar
ke

d 
on

 th
e 

di
ag

ra
m

.
L

eg
en

d:
E

: e
le

va
tio

n 
(m

)
B

S:
 u

nv
eg

et
at

ed
 s

oi
l

H
: h

et
er

og
en

ei
ty

 (
pa

ri
cl

e 
si

ze
 in

de
x)

A
. g

lu
: A

ln
us

 g
lu

tin
os

a
V

. r
iv

: V
io

la
 r

iv
in

ia
na

T
H

%
: t

al
l h

er
b 

co
ve

r 
SD

: s
oi

l d
ep

th
 (

cm
)

O
W

: o
pe

n 
w

at
er

 B
R

: u
nv

eg
et

at
ed

 g
ra

ve
l

M
E

D
: M

E
D

O
M

 (
pa

ri
cl

e 
si

ze
 in

de
x)

R
.
 
f
r
u
:
 
R
u
b
u
s
 
f
r
u
t
i
c
o
s
u
s
 
C
.
 
n
i
g
:
 
C
e
n
t
a
u
r
e
a
 
n
i
g
r
a

A
. e

la
: A

rr
he

na
th

er
um

 e
la

tiu
s

T
%

: t
re

e 
co

ve
r

PS
R

: p
ar

ic
le

 s
iz

e 
ra

ng
e

F.
 r

ub
: F

es
tu

ca
 r

ub
ra



direction of greatest influence the variables have upon species distribution. On

the left-hand side of the ordination, the species and habitats are occurring in

areas of relatively high elevation with substantial soil profile development in

terms of soil depth, finer substrate and a high percent ground cover of tall

herbaceous species. On the right-hand side of the ordination, the plant

communities are in lower lying zones with poor soil profie development and

little vegetation cover. The variables that are correlated with the species

distribution on this side of the axes are dense tree cover, open water, a high

proportion of bare ground cover and coarse substrate texture. The species

being most influential in the ordination diagram have been labelled. These are

the species that carry a high weight for their species score, as calculated in

CANOCO. Species carrying a weight greater than 65 have been labelled on

the diagram. These species scores are given in Appendix 4. The species

labelled on the ordination diagram show that A. glutinosa and R. Futicosus are

highly correlated with areas of high bare soil cover, the presence of open water

and zones of low elevation. C. nigra, A. elatius and F. rubra are very highly

correlated with elevation as these species points occur in very close proximity

to the elevation arrow on the diagram. Thus the abundance of these species

increases with elevation across the study area. These species decrease in

abundance under wetter conditions and where the ground is poorly colonised.

The presence of V riviniana is highly correlated with particle size indices.

This species is highly abundant where the soil is well mixed, denoted by the

MEDOM statistic, and its abundance decreases as the material becomes

coarser in nature with gravel and pebbles being dominant, as indicated by high
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heterogeneity, high particle size range and a high percent of unvegetated

gravel cover.

The CANOCO routine examines sample heterogeneity as a measure of species

diversity using the Nz statistic (reciprocal of Simpson's diversity index). A

summary of these results is given in Table 3.4 showing those samples with

very low diversity and species poor (Table 3.4a) and those samples with high

diversity, species rich, in Table 3.4b. The samples presented in Table 3.4a are

from areas of poorly colonised gravel or zones of inundation by ponds,

streams or the backwater. The samples in Table 3.4b are from WIld

woodland, riparian woodland W7a and W7c, SHhr and W23 scrub

community. Table 3.5 shows summaries of the species tolerance analysis in

CANOCO. Table 3.5a shows species having a low tolerance (Nz~3), meaning

they are more site-specific species only existing under certain habitat

conditions. Table 3.5b shows species with a high tolerance (Nz:?60), meaning

that these species are tolerant of environmental variation and occur in many

samples across the study area.

3.3.4. Soil classification and description

Cluster analysis identified six major soil/substrate groups based on soil profie

and substrate characteristics within the study area. The variance of the soil

properties within group 6 was high and therefore reanalysed in order to

produce more homogenous groups with lower internal variance. The final

divisions of the data led to eight groups being defined. Tables of the soil
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groups showing summary statistics and the samples belonging to each group

are presented in Appendix 5.

Table 3.4: Sample heterogeneity expressed by Nz. Showing (a) samples with low

Nz (species poor) and (b) samples with high Nz (species rich).

(a) (b)

Sample Nz

B7 6.15
B8 7.59
C6 2.85
C9 6.24
C12 8.11
D5 1.73
D6 7.03
DlO 8.01
Dll 4.87
E5 1.98
F4 3.26
F5 7.30
K3 1.00
L3 1.00
M2 1.00
M3 1.00

Sample Nz
Bl 30.54
C2 30.30
C3 34.10
D1 32.44
D2 33.08
D3 36.63
E2 33.26
E3 36.26
Fl 30.03
F2 31.56
Gl 38.27
G2 32.26
G10 32.08
HI 32.73
H2 33.14
H3 31.10
Il 30.93
12 30.42
13 34.07
17 30.41
18 31.47
ILO 30.08
J2 31.48
Kl 30.45
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Table 3.5: Summary of the CANOCO output of species with (a) low tolerance (N2~3) and
(b) high tolerance (N2?60).
a)

Code Species name N2
144 Alliaria petiolata 1.90
174 Anthylls vulneria 2.89
252 Bromus arvense 2.92
319 Carex echinata 1.99
350 Carex romota 1.99
359 Carex sylvatica 2.97
407 Chrysosplenium alternifolium 1.90
450 CrelJis vesicaria 1.90
535 Equisetum palustre 1.90
570 Fazus sylvatica 2.00
640 Glyceria maxima 2.00
661 Heracleum sphondylium 2.00
698 Hypericum humifusum 1.97
699 HYlJericum maculatum 1.80
702 Hypericum pulchnum 1.90
715 Iris pseudacorus 1.89
729 Juncus conzlomeratus 2.96
855 Mentha aquatica 1.97
891 Myosotis sylvatica 1.97
1043 Potentila anserina 2.53
1059 Prunella vulzaris 2.00
1065 Prunus spinosa 2.00
1089 Ranunculus flammula 2.85
1188 Sambucus racemosa 2.00
1259 Silene vulzaris 1.93
1320 Teesdalia nudicaulis 2.96
1349 Trifolium pratense 1.97
1593 Climacium dendroides 2.85
1795 Plaziomnium rostratum 2.00
1888 Polystichum aculeatum 2.00
1934 Rhodobryum roseum 1.97
2023 Tortula ruralis ssp ruraliformis 2.00
2471 Parmelia saxatilis 1.97
2614 Fraxinus excelsior (s) 2.00
2622 Prunus avium (R) 2.00
2639 Ulex europaeus (R) 2.00
2950 Rosa caninia (s) 2.00
3042 Sarothamnus scoparius (z) 1.90
b)

Code Species name N2
171 AnthoxanthulJ odoratum 62.53
197 Arrhenatherum elatius 80.45
371 Centaurea nizra 68.66
576 Festuca rubra 72.25
1296 Stetlaria zraminae 60.89
1396 Veronica chamaedrvs 67.51
1429 Viola riviniana 78.04
1940 Rhytidiadelphus squarrosus 61.02
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Group 1 is composed of unvegetated gravel substrate, characterised by coarse

pebbles and small boulders. The coarse texture of this substrate group is

indicated by the phi values in the MODOM particle size index, which range

from -4 to -8. Coarse substrate classes are present in all samples where pebble

counts were made. Heterogeneity of the particle size classes is high with a

mean value of 12 classes and a standard deviation of 4. The mean range is

high at 239.76mm. A high percentage of unvegetated gravel is present

virtually throughout this group (mean value 86%).

Group 2 gravel substrate is also composed of coarse substrate but the range

and heterogeneity of the particle size classes is lower than group 1. Mean

particle size heterogeneity is 8 classes and the mean range is 99.32. Finer

substrate is absent from these samples. The amount of unvegetated gravel is

more variable within this group.

Group 3 is composed of gravel and occurs on the more sorted areas of the

point bar and within the isolated gravel habitat. Substrate texture is finer than

in the other two groups, but is stil dominated by large pebbles. Mean particle

size heterogeneity is 10 classes and mean range is l49.l3mm. There is a high

proportion of unvegetated gravel.

Group 4 is composed of the samples with the most developed soil profies

within the study area. The soil is dominated by fine sand particle size

throughout. The particle size range varies from silt to fine gravel.

Heterogeneity of the particle size classes is fairly high, ranging between 6-8
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classes. Soil profies are relatively deep with a mean value of 110 cm. Soils

are well drained with a mean SMC of 12%. The percent bare soil cover is low

with a mean of 3%.

Group 5 varies from group 4 in that the soil texture is slightly coarser with the

maximum particle size class being coarse gravel. Silt sized particles are absent

from some of the profies within this soil type. Fine sand is the dominant

particle size class. Particle size heterogeneity and range is greater in this soil

group. Soil profies are shallower with a mean value of 63 cm. The soil is well

drained with a mean moisture content of 13%.

Group 6 is characterised by shallow immature soils developing on the isolated

gravel habitat. Mean soil depth is 23cm. Very coarse sand and very fine gravel

dominate these profiles. Silt is present in all samples. Mean range and

heterogeneity of the particle size is l2.6mm and 9 classes respectively.

Group 7 varies from group 6 by being composed of finer substrate. This soil is

also immature and only very shallow, with a mean soil depth of 22 cm. SMC

is higher in these soils with a mean value of 28%, possibly due to the greater

moisture retention capacity of the finer matrix. The mean MODOM particle

size class for this group is medium sand. Particle size range and heterogeneity

within this group is lower than in group 6 with mean values of 8.64mm and 9

classes respectively. This soil type is commonly found underneath scrub

vegetation.
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Group 8 is composed of immature soil profies with a mean depth of 14 cm.

These profiles are typical to the riparian woodlands and have a high proportion

of bare soil and higher moisture content than the other soil types. Mean soil

moisture is at 40%. The mean MODOM particle size class is very coarse sand,

MAXDOM is fine to medium gravel, and the MIND OM is very fine sand. The

range of particle size classes is intermediate between groups 6 and 7, and the

heterogeneity is fairly low with a mean of 6 classes.

3.3.5. Landform classification and description

Six landform classes were identified within the study area. The landforms

present are backwater, abandoned channel, point bar, abandoned point bar,

floodplain and embankment. Floodplain is defined as the land either side of

the bank top and point bars are defined as bank features. The samples

associated with each landform type are given in Appendix 6.

3.3.6. Diversity analysis

3.3.6a. Data grouped by plant community

3.3.6ai. Richness

The results in Figures 3.4 - 3.6 show the spatial variation of species richness

within the floodplain. Figure 3.4 shows that the woodland communities are the

most species rich habitats within the study area, in particular W1 Id and W7a.
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These communities have 99 and i 14 species present respectively.

Intermediate levels of species richness occur within the grassland and scrub

communities. The gravel habitats show that although total species richness is

typically low in the zones most prone to inundation, these areas show a rapid

increase in species richness with isolation from disturbance. This is clearly

indicated in the SHhr community which has 91 species. This rapid

colonisation has occurred since the 1970's due to channel abandonment.

Species richness is lowest in the S22a swamp community. Although this

community contributes little to the species richness, it is important in creating

diversity of landscape patches. It is also an important aquatic community.

Little variation is present in the pattern between total species richness and TSR

within the communities and the two indices show similar patterns in

distribution. The only notable difference is in the M23 habitat, which scores

relatively low in real terms, but ranks high in diversity when the community

area is accounted for. Figure 3.5 shows the M23 fen habitat to be the most

species rich within the study area. It is also the smallest habitat in terms of its

spatial scale. The W lId woodland ranks second with a mean of 37 species and

a relatively low standard deviation. The communities SHhr, W23 and W7c

also have relatively high species richness in comparison to the other

vegetation types. Relatively high variation in species richness tends to occur

within the communities with a high ground cover of unvegetated gravel. These

communities also have the lowest species richness, with the exception of

SHhr. However, this community has the highest variation in species richness

among the habitat types present within the study area.
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The results of species richness within the communities is markedly different

when richness is corrected for sample area, as shown in Figure 3.6. The M23

plant community remains the most diverse in terms of richness. However the

U4b community is now shown to have high species richness is comparison to

the other vegetation types sampled. The pattern of species richness is highly

variable within this habitat though, indicated by the high standard deviation.

Variation in species richness diversity when accounting for area is negligible

among the other plant communities. Riparian woodlands W6 and W7a, gravel

habitats SHscb and SHpc and S22a have the lowest diversity.

3.3.6aii. Shannon index H' and J

The Shannon index results for the floristic data are presented in Figure 3.7a.

The graph shows summaries of the diversity values for all plant communities

and the whole study area. Maximum diversity is found within the M23

community. However, this community is small in scale and composed of only

one sample point, and is a unique vegetation type to the study area. The

woodland and scrub communities W23, Wlld and W7c and the U4b meadow

all have relatively high diversity and low internal variability indicated by the

minimum, maximum and standard deviation values. Moderate levels of

diversity are found within W23a and SHpc, with relatively low variance. The

SHhr, MG 1 e, W7a and SHscb habitats all have a Shannon index diversity of

approximately 2.0. All of these communities have a relatively high level of

variance in their overall diversity. S22a and W6 score lowest on the Shannon

index.

94



4.0

3.5

3.0

2.5

Er 2.0

1.5

1.0

0.5

0.0

'3
.. ~ t' 0 .. "0 U \0 ~ t' fj &

~.. t' N - "1 - r- ~ r- N N0 :i N ~ 0 :: - ~ ~ :: en :i N¡. en ~ :: ~ :i en en
en

Communty

/~i iran . mi . ma I
a)

1.2

1.0

0.8

.. 0.6

0.4

0.2

0.0
e; .. ~ t' 0 .. "0 U \0 ~ t' .. U ~.. t' N - "1 - r- ~ r- N u 0. N.. :i 0 N0 N ~ :: - ~ ~ :: en :i¡. en ~ :: ~ :i en en

en

Communty

/Il iran . mi . ma I
b)
Figure 3.7: Summary statistics showing species diversity in terms of richness
H' (a) and evenness J (b) measured by the Shannon index on Tomdachoile
Island SSSI.
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The diversity of the habitat types is expressed in terms of evenness in Figure

3.7b. Communities SHpc and M23 are the most diverse in terms of evenness.

These habitats have a high means and low variance. SHscb also scores high in

the equitability index. Other habitats scoring high on this index are Wlld,

U4b, W23, W23a and SHhr, the latter however having high variance.

Communities scoring low, with high variance, in this index are W6, W7a and

MGle. In comparing Figure 3.7a and 3.7b it is clear that the evenness index

closely mirrors the Shannon index results within the plant communities.

3.3.6aiii. Pedodiversity within the plant communities

Figure 3.8a shows the results of pedodiversity within the plant communities.

The communities with the greatest soil heterogeneity are SHhr, W23a and

W7a, indicated by the high richness score. The community with the most

homogenous pedodiversity is Wlld. The majority of habitats have a pedo-

richness value of three soil/substrate groups. There is little variation between

the maximum negentropy and the Shannon index throughout, with the

exception of the SHscb community, which equates with the evenness of the

distribution. The Shannon index scores highest within SHhr, W23a and

riparian woodlands W7c and W7a. The lowest pedodiversity occurs in the

older more stable habitats of MG 1 e and W 11 d, and the point bar area SHpc

where the substrate wil typically be well sorted by the river.
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Figure 3.8: Pedodiversity variation (a) and geodiversity variation (b) within
the plant communities on Tomdachoil1e Island SSSI. S = species richness;
H'max = maximum negentropy; H' = Shannon index; J = equitability index.
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3.3.6aiv. Geodiversity within the plant communities

Figure 3.8b shows the results of geodiversity within the plant communities.

Geodiversity is variable throughout the floodplain, ranging from plant

communities occurring on only one landfonn to habitats spanning over four

landform classes. A total of six vegetation groups are unique to a single

landform category. The plant communities with a relatively high landform

richness score mainly occur in the more dynamic areas of the floodplain that

are prone to disturbance by inundation, thus modifying the geomorphic

structure of the study area. Where landform richness is one, the other indices

score zero. The communities with the highest geodiversity in terms of H'max,

H' and J are W23a, W23 and W7c. The diversity scores are notably high for

W23a and W23 and there is little variation between H' and H'iiax. The habitats

also have an even distribution on the landforms indicated by the equitability

score of close to 1.00. The communities with two landform types score low on

H'max, H' and 1.

3.3.6b. Data grouped by soillsubstrate group

3.3.6bi. Biodiversity within the soillsubstrate groups

Pedo-richness within the floodplain is eight, composed of 3 groups

characterised by gravel substrate, and 5 groups of sandy immature alluvial

soils. The plant community diversity within each of the soil groups is

summarised in Figure 3.9a. The figure shows biodiversity within the soil
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Figure 3.9: Biodiversity variation (a) and geodiversity variation (b) within the
soil/substrate groups on Tomdachoile Island SSSI. S = species richness; H'max
= maximum negentropy; H' = Shannon index; J = equitability index.
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groups is highly variable within the study area. Soil/substrate groups 1, 5 and

7 have the highest community richness. These groups also have the highest

diversity in terms of H' niax, H' and J indices. Soil groups 2 and 8 have the

lowest plant community diversity in terms of all four measures of

heterogeneity, with group 8 also having a very low evenness score, indicating

an uneven distribution of vegetation types on this soil type. Groups 3 and 6

have the highest equitability.

3.3.6bii. Geodiversity within the soil groups

Figure 3.9b shows the results of geodiversity analysis within the soil groups.

Soil group 6 has the highest geodiversity of all the soil/substrate groups. This

soil group is present on five landforms within the study area. This soil group

shows 'litte variation between the maximum negentropy and the Shannon

index and has a high evenness index of 0.9 indicating that the landforms are

evenly distributed within this soil type. Soil groups 5 and 7 have a relatively

high landform richness of four. However, the H' and J indices in group 5 are

both low. Overall, high geodiversity tends to occur where soil profies have

developed, and low geodiversity occurs within the gravel substrate areas

undergoing the initial stages of pedogenesis. The lowest geodiversity occurs

within the soil/substrate groups 1, 3 and 4, with group 4 scoring lowest on the

evenness index.
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3.3.6c. Data grouped by landlorm

3.3.6ci. Biodiversity within the landform classes

Figure 3.10 shows biodiversity within the landform categories. The highest

habitat diversity in teiTIS of richness occurs within the point bar. This

landform also scores highest with the other diversity measures showing that

this landform supports several plant communities and that their distribution is

fairly even throughout. The floodplain areas have the next highest diversity,

with five plant communities occurring on this landform with an evenness

score of 0.8 showing a reasonably even coverage of the vegetation types. The

abandoned channel and the embankment have intermediate habitat richness

score within the study area. The embankment scores modestly on the other

diversity measures, but the abandoned channel shows poor habitat diversity.

The backwater and abandoned point bar score lowest on habitat richness, but

both have high evenness scores.

3.3.6cii. Pedodiversity within the landform classes

Figure 3.1 Ob shows the results of pedodiversity analysis within the landform

categories within the study area. The point bar landfonn scores highest on all

diversity measures, with very high 'species' richness. The soil/substrate

groups have a reasonably even distribution, indicated by the evenness score of

0.7. The abandoned channel also has high diversity on all counts, and has a
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Figure 3.10: Biodiversity variation (a) and pedodiversity variation (b) within the
landform classes on Tomdachoile Island SSSI. S = species richness; H'max =

maximum negentropy; H' = Shannon index; J = equitability index.
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high evenness distribution of 0.9. The floodplain, abandoned point bar and

embankment landforms have intermediate pedodiversity and the backwater

scores low on all measures.

3.3.6d. Diversity variation perpendicular and parallel to the main channel

3.3.6di. Habitat diversity

Figure 3.11 a shows how habitat diversity vanes on the floodplain

perpendicular and parallel to the main channeL. The graphs show that habitat

diversity is generally higher in the perpendicular dimension to the river

channeL. This describes the hydrologic gradient that occurs across the

floodplain between the aquatic and terrestrial zones. Habitat richness varies

between four and seven land cover types in this direction to the channeL.

Habitat diversity is lowest along the transect running through the secondary

channel that was formerly occupied by the channel (transect H), and is now

colonised by riparian woodland. The size of the habitat patches along transects

are approximately even, expressed by the high evenness index throughout.

Figure 3.11 b shows habitat diversity in the parallel direction to be highly

variable across this reach of the floodplain. Diversity is lowest at the furthest

transects from the channel (the lower range of transect numbers). Habitat

diversity shows the general trend of increasing in the longitudinal dimension

the closer to the main channel, with a decline in diversity at the nearest

transect. Evenness scores are more variable and generally lower in the

longitudinal direction.

103



8

7

6

:. 5
.g 4
i:

3..
2
1

0

B C D E F G H J K L M

a)

Transect

IIiS .H'max .H' DJ I

8

7
6

~ ¡
.E 3

2
1

o

2 3 4 5 6 7 8 9 10 11 12

Transect

IrES .H'max.H' DJ I
b)
Figure 3.11: Habitat diversity variation across the study area perpendicular (a)
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negentropy; H' = Shannon index; J = evenness index.
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3.3.6dii. Pedodiversity

Figure 3.12 shows the pedodiversity results perpendicular and parallel to the

main channeL. The results show that overall there is little variation in

pedodiversity along the different axes. The main differences occur within the

latitudinal transects C and D and the longitudinal transects 1, 2 and 3.

Transects C and D are dominated by gravel in the zone of active deposition

and substrate sorting. Transects 1, 2 and 3 are furthest from the main channel

and occupy the relatively old and stable floodplain area dominated by deep

sandy soils (group 4). Pedodiversity is highest in both orientations along

transects running through the abandoned channel zone (H, I, 5-12).

3.3.6diii. Geodiversity

Figure 3.13 shows the geodiversity results perpendicular and parallel to the

main channeL. Geodiversity is highest along transect J for all indices.

Geodiversity perpendicular to the river peaks in the zone of the former channel

along transects H through to M. Overall geodiversity is greater in the parallel

orientation to the main channeL. Geodiversity is relatively high throughout,

with the exception being along transects 1 and 2, which run through the

floodplain area.
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Figure 3.12: Pedodiversity variation across the study area perpendicular (a)
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b)
Figure 3.13: Geodiversity variation across the study area perpendicular (a) and
parallel Cb) to the main channeL. S = species richness; H'max = maximum
negentropy; H' = Shannon index; J = equitability index.
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3.3.6e. Landscape diversity

3.3.6ei. Species unique to landform classes

The distribution of species among the landforms was examined in order to

assess the importance of the mosaic of geomorphic features in influencing

species diversity. The results of the analysis are presented in Table 3.6. The

results in Table 3.6a show that very few species are present in all landform

classes present in the study area. The general trend shows that the number of

species unique to a given number of landform classes increases with a

decrease in the number of landforms. This supports the need for geomorphic

heterogeneity within river-floodplain zones in order to maintain species

richness and provide suitable habitats for species with low tolerance to

conditions for which they are not physiologically adapted to. Due to the high

number of species being found in only one landform type, further analysis was

carried out to assess which landforms the species are unique to. This was

performed for those species occurring only in one landform class and only in

two landform classes. The results are presented in Table 3.6b.

The results in Table 3.6b show that the majority of species unique to one

landform class are present in the floodplain zones. This is possibly a result of

the inherent geomorphic diversity within floodplain areas as they are

composed of relic features such as palaeochannels and former point bars. The

abandoned channel also has a relatively high count of species unique to only

this landform type. All six landforn1 classes present within the study area have
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unique species with the semi-natural geomorphic units scoring higher than the

former

Table 3.6: Count of species unique to the landform classes. Showing (a) the

number of species encountered in all landform classes through to the number

of species unique to one landform class; (b) the number of species unique to

only one or two landform classes; and (c) the count of the number of rare

species nationally, locally and the total number of species occurring within

each landform class within Tomdachoile Island SSSI study area.

a)

b)

89 species found only in one landform
70 species found only in two landforms
26 species found only in three landforms
32 species found only in four landforms
19 species found only in five landforms
7 species found in all six landforms

Landform One Two
landform landforms

Backwater 14 10
Abandoned channel 23 38
Point bar 10 19
Abandoned point bar 7 20
Floodplain 32 37
Embankment 3 6
c)

Landform Nationally Locally Locally Total
rare rare very rare number of

species
Backwater 2 4 1 53
Abandoned channel 1 3 1 143
Point bar 1 4 1 79
Abandoned point bar 1 3 1 93
Floodplain 0 1 1 149
Embankment 0 1 0 61

embankment landform for both species unique to either one or two landform

classes. The floodplain and abandoned channel also score high for having

species unique to two landform classes. The low number of species unique to
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two landforn1 classes of within the backwater show that this landform provides

a habitat for fairly site specific species tolerant of frequent inundation. The

species unique to each landform class along with their frequency estimates are

given in Appendix 8. These results are summaries in Table 3.6c giving a count

of the number of rare species within the landform classes. The results show

that rare species both nationally and locally occur within all landform types,

especially within the landforms prone to frequent disturbance or those that

have been disturbed in the recent past. For example Aquilegia vulgaris and

Mentha piperita within the backwater, and Petasites albus within the

abandoned channeL. These species are typical of fens, marshes and wet

woodlands. The very rare species Euphrasia nemorosa is found on the gravel

habitats of the River Tummel and is locally abundant in places. This species is

also present within the floodplain zones and forms dense patches in place,

however it was present outside of the study area.

3.3.6eii. Landscape diversity evaluation

The result for the overall assessment for landscape diversity is presented in

Table 3.7. The landscape diversity score is based on the Shannon index for

richness. The results show that the landforms are the least diverse element of

the landscape. This infers that they are the templates for development to occur

and that they are the basic unit of the landscape matrix. The table shows that

there is a relative balance between biodiversity and pedodiversity, and that

both of these landscape components are more diverse in the perpendicular

orientation to the main channeL.
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Table 3.7: Mean diversity (H') values calculated along transects within the

study area showing variation in diversity between the landscape components

and an average score for overall landscape diversity.

Biodiversity Pedodiversity Geodiversity

Perpendicular to channel 1.6 1.5 1.2

Parallel to channel 1.3 1.4 1.2

Average 1.45 1.45 1.2

Landscape diversity score 1.36

3.3.7. Results ofexploratoi: data analysis

Exploratory data analysis showed that the landforms are the basic unit of the

landscape. Therefore data was grouped by landform for subsequent analysis.

The mean and the standard deviation for diversity indices and key geomorphic

and pedological variables were calculated within each landforn1 as a measure

of heterogeneity within the landscape. This was also done to evaluate the

strength of the grouping of data to check within group variance. The results

are presented in Table 3.8. Overall the standard deviation of the variables

within each landform is low, indicating sound grouping of the data. The low

variance indicates relative homogeneity of the variables within the landforms,

which is important in ecological terms for ecosystem survivaL. The landforms

display the greatest variance in pedological properties, namely soil depth,

SMC and particle size range. These landforms therefore provide a wide variety

of micro-habitats creating niches for a diverse array of species to colonise as a

result of localised undulations in topography within the land units. The

variance in soil/substrate properties tends to decline with greater
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levels of soil profile development. The floodplain areas are the most diverse

floristically with the highest mean values for Sand H'. The abandoned point

bar also scores high on the floristic indices of diversity showing that river

channel change causing bank features to become isolated from the main

channel create diverse habitats within floodplain environments. This habitat is

also colonised by locally and nationally rare species. The general pattern of

low variance indicates high diversity due to an even distribution of variables

within the landforms.

The degree of variance of properties in the whole data set was analysed. The

results are given in Table 3.9. The floristic diversity results show that there is

relatively high diversity within the study area. The species have a fairly even

distribution, indicated by the mean score for 1. Variance within the diversity

indices is low suggesting high diversity and an even distribution of the

variables. The variance within the particle size indices is on the whole greater

than the variance within the landform classes. This indicates heterogeneity of

substrate size across the study area. The standard deviation for soil depth is

also greater showing considerable variation in soil profile development within

the study area.

The results in Table 3.1 0 show the mean and variance of diversity indices

calculated for the landscape components perpendicular and parallel to the

main channeL. The results show that diversity is greater perpendicular to the

main channel, indicated by the higher mean values and lower variance. The
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Table 3.9: Mean and standard deviation of diversity indices and key

geomorphic and pedological variables within the whole data set on

Tomdachoille Island SSSI.

Mean Stdev
S 27 10.26
H'max 3.00 0.75
HI 2.16 0.71
J 0.70 0.19
Elevation 2.35 1.06
Soil depth 41.73 42.91
SMC 18.73 15.77
MINDOM (phi) 3 3.04
MAXDOM (phi) -4 2.57
MODOM(phi) 0 4.06
MEDOM(phi) i 2.17
Range 61.5 96.31
Heterogeneity 9 2.53

Table 3.10: Variance in diversity indices measured by the mean and the

standard deviation (a) perpendicular and (b) parallel to the main channel on

Tomdachoile Island SSSI.

a)

S H'max H' J
Mean Stdev Mean Stdev Mean Stdev Mean Stdev

Biodiversity 6 1.08 1.7 0.2 1.59 0.21 0.93 0.05
Pedodiversity 5 1.08 1.60 0.25 1.47 0.29 0.91 0.05
Geodiversity 4 1.03 1.31 0.29 1.17 0.31 0.89 0.08
b)

S H'max H' J
Mean Stdev Mean Stdev Mean Stdev Mean Stdev

Biodiversity 5 1.47 1.52 0.35 1.34 0.44 0.86 0.14
Pedodiversity 5 1.73 1.56 0.41 1.43 0.45 0.90 0.08
Geodiversity 4 1.6 1.28 0.54 1.17 0.56 0.81 0.30

trend within the landscape components is for biodiversity to be the greatest

perpendicular to the channel and geodiversity the lowest. Geodiversity also

scores lowest in the parallel orientation to the channeL. In this orientation,

pedodiversity has a marginally higher mean value for the diversity scores than

biodiversity.
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3.3.8. Relationships between variables- correlation and regression

3.3.8a. Correlation

Diversity indices calculated perpendicular and parallel to the channel were

con-elated. The results reveal that the evenness of pedodiversity distribution

perpendicular to the channel is negatively con-elated to the evenness of

geodiversity (p = -0.625*) and maximum pedodiversity is positively correlated

with H' for geodiversity (p = 0.579*). The analysis shows the diversity indices

are highly correlated in the parallel orientation to the channel, Table 3.11.

Strong positive correlations exist between all indices with the exception of

biodiversity- and pedodiversity-richness score (S). The indices for biodiversity

and pedodiversity are most strongly correlated with the geodiversity scores.

Table 3.11: Correlations between diversity indices parallel to the channel on

Tomdachoille Island SSSI.

n = 10 (two-tailed test); critical value = 0.5760; * p~0.05; ** p~O.Ol; ***

p~O.OO 1; - = not significant.

Geodiversity Pedodiversity
S H'l1ax H' J S H'max HI J

Ò S 0.810** 0.785** 0.737** 0.628* - 0.629* 0.607* 0.693*
'r;

H'max 0.882*** 0.892*** 0.842** 0.744** 0.630* 0.724** 0.685* 0.693*
..v
;;
;. HI 0.918*** 0.891 *** 0.884*** 0.782** 0.720** 0.792** 0.783** 0.794**.S:
co J 0.872*** 0.825** 0.891 *** 0.795** 0.776** 0.814** 0.841** 0.791 **

S 0.748** 0.754** 0.812** 0.811 **Ò
'r; H'max 0.840** 0.855*** 0.890*** 0.899***..v
;;

HI 0.830** 0.820** 0.888*** 0.891 ***;.0
"C J 0.787** 0.726** 0.789** 0.804**v
0.

The results of the correlation analysis between environmental variables and

indices within the whole data set and within the geomorphic landform classes

iis



are presented in Tables 3.12 - 3.18. Table 3.12 shows the significant

correlations for the whole data set. Table 3.l2a shows the relationships

between plant species diversity indices, vegetation coverage and geomorphic

variables. The table shows that the floristic variables are highly significantly

correlated with landform type and elevation within the study area. With the

exception of tree cover, the other floristic variables increase with an increase

in elevation and landform stability. Tree cover is negatively correlated with

the geomorphic variables. Plant community type is also significantly

correlated with landform type and elevation. Table 3.l2a shows that the

coverage of herbaceous species is most significantly positively correlated with

the species diversity indices.

Table 3.l2b shows the significant correlations between geomorphic and

floristic variables with soil/substrate properties. The table shows that landform

class is significantly correlated with most of the soil/substrate characteristics.

In addition, plant community type, species diversity indices and herbaceous-

and bryophyte-cover are significantly correlated with the soil/substrate

properties. Soil depth appears to be the most important variable in terms of

relationships with the other environmental variables due to the high correlation

coeffcients when compared to the other results. Table 3.12b also shows that

plant community type is coiTelated with soil/substrate particle size indices.

Plant community type holds a negative relationship with the indices, with the

exception of the range and heterogeneity measures. These relationships show

that the mature and more stable communities occur where the substrate mix is

finer, and the younger pioneer and inundation communities occur in zones
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with a coarser substrate matrix. The positive correlation between plant

community and unvegetated gravel indicates that gravel habitats are impoiiant

within floodplain landscapes for producing vegetation heterogeneity. The

substrate particle size indices are correlated with the floristic diversity indices

and herbaceous and bryophyte cover. The findings are therefore consistent

with the hypothesis that plant community type is related to geomorphic and

pedological heterogeneity within the floodplain. These relationships also

support the hypothesis of Ward and Stanford (1983) which states that species

diversity is related to environmental heterogeneity along rivers.

Table 3.13 shows the significant cOlTelations within the backwater. Table

3.l3a shows that the diversity indices and vegetation cover are strongly

correlated with plant community type. This indicates that marked variation in

species diversity and vegetation structure occurs within this landform class. In

terms of vegetation cover, bryophytes and shrub species appear to be the most

important species groups in producing species rich and diverse plant

communities.

Table 3.13b shows that again plant community type is significantly correlated

with soil depth. The substrate particle size indices are highly correlated with

the floristic diversity indices and vegetation coverage. Tree and herbaceous

cover are also positively correlated with soil depth, whereas bryophytes tend

towards the shallower soil/substrate deposits. The results of the correlation

analysis within the abandoned channel are presented in Table 3.14. Within this
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landform species diversity indices hold strong negative correlations with plant

community type, again showing that this landform supports a variety of

vegetation types with differing diversity. Vegetation structure also varies

within the plant communities indicated by the significant correlation between

vegetation type, tree-, tall herb- and moss-cover. Tree and herbaceous cover

are also strongly correlated with the diversity indices where diversity tends to

decline with an increase in tree density.

Very few significant correlations were found between geomorphic and

floristic variables with soil/substrate properties, shown in Table 3.14b.

Elevation is negatively correlated with substrate particle size range index and

positively related to the fine sand fraction as might be expected from models

of floodplain sedimentology. The diversity indices H', H'max and J are all

correlated with the particle size range index. Plant community type and

species richness indices are correlated with the SMC, where species richness

declines as SMC increases. The particle size indices are strongly correlated

with moss cover where bryophyte cover increases with an increase in the finer

substrate size classes. Herb cover holds a strong positive correlation with the

presence of medium gravel, with taller herbaceous species being correlated

with the presence of silt deposits.

Significant correlations within the point bar landforn1 are presented in Table

3.15. Elevation is shown to hold a strong negative correlation with tree cover

in Table 3.l5a. Elevation is positively cOlTelated with the equitability index 1.

This suggests that diversity in terms of evenness is greater within the more
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elevated areas of this landform, which also have less tree cover. This is

supported by the strong negative correlation between tree cover and 1. The

coverage of the herbaceous and bryophyte species and the evenness of

distribution (1) are significantly correlated with plant community type. The

amount of herbaceous and bryophyte cover are also positively related to the

diversity indices.

Table 3.l5b shows that elevation and plant community type are significantly

correlated with many of the soil/substrate characteristics. The substrate

particle size indices, soil depth and soillsubstrate group have significant

correlations with the vegetation and elevation variables. Variations in

elevation within this landforn1 are related to soil/substrate class heterogeneity.

The biodiversity indices also show relationships with the soil/substrate type.

Significant correlations within the abandoned point bar landform are presented

in Table 3.16. Significant correlations are found between evenness (1), tree

cover, elevation and plant community type (Table 3.1 6a). Tree cover increases

with a decrease in elevation. An increase in tree cover is correlated with a

decline in the equitability index. Elevation is positively correlated with the

diversity indices H' and J and with shrub cover. Shrub cover holds a positive

relationship with the evenness index however species richness (S) tends to

decrease with an increase in shmb species.

Few significant conelations were found between vegetation characteristics,

elevation and soil/substrate properties, shown in Table 3.1 6b. The
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soil/substrate class and particle size indices are correlated with plant

community type. Tree cover is notably correlated with the particle size

indices. Shrub and herbaceous cover are positively related to soil depth.

Species richness tends to increase where there is greater OMC and finer

substrate particle size classes. H' niax is positively correlated with the finer

substrate.

Table 3.17 shows the significant correlations within the floodplain. Few

significant correlations were found between elevation and the variables tested.

This landform supports a variety of plant communities and the diversity

indices of these communities show considerable variation indicated by the

highly significant correlations between the diversity indices and vegetation

type. Species diversity is shown to hold a positive relationship with tree cover.

Table 3.l7b shows that soil/substrate class, soil depth and particle size indices

are strongly correlated with vegetation type. These variables are also strongly

correlated to the floristic diversity indices. The negative correlation between

tree cover and the particle size index 'range' and 'heterogeneity' suggest that

tree cover is greater on the more developed and more sorted soil profies

within this landform.

The results of the con-elation analysis within the remnant of the former

embankment are presented in Table 3.18. Overall very few significant

correlations were found. Table 3.l8a shows that shrub cover holds a strong

negative correlation with the species diversity indices. Species richness tends
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to Increase where there is greater herb cover indicated by the positive

correlation between TSR and herb cover. The most notable correlation in

Table 3.l8b is between soil pH and the diversity indices and soil pH and shrub

cover. Diversity increases as the soil becomes more alkaline. Shrub cover

tends to be more dense in the more acidic zones.

3.3.8b. Regression

The results for the best subsets regression analysis for the whole data set are

given in Appendix 9. The strongest regression models from the analysis are

presented in Table 3.19. The analysis shows that the Shannon indices H' and J

can be modelled from the environmental variables recorded. The results show

that 72.1 % of the variation in H' can be explained by the independent

variables in the modeL. The relationship between J and the independent

variables is stronger, explaining 85.4% of the variation. The weakest of these

models selected is for herb cover. The model suggests that herb cover is

determined by geomorphic and pedological variables within the study area.

Table 3.19 shows that soil type is strongly explained by soil depth and particle

size range.

Regression equations including 26 independent variables explained 62.4-100%

of the variation in environmental variables within six landform classes. The

regression models derived from each landform class are presented in Tables

3.20 - 3.25 and the best subsets results are given in Appendix 9. Table 3.20

shows the regression model for the backwater. This shows that plant
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community development within this landform strongly responds to species

richness, tree cover and the degree of soil profile development. Within the

abandoned channel there are seven strong regression models (Table 3.21). The

models show that plant community diversity indices and floristic variables can

be predicted from vegetation characteristics and soil profie depth. Table 3.22

shows six regression models whereby vegetation diversity can be estimated

with relatively high confidence using vegetation cover characteristics and

particle size indices within the point bar landform. In addition moss cover,

which is important in accelerating primary succession within these habitats,

can be predicted using particle size characteristics with 90.1% confidence. The

substrate class can also be predicted with reasonable accuracy using particle

size indices.

Table 3.20: Regression equations for the models with the highest degrees of
explanation (Rz :?60%) within the backwater.

Intercept S Tree cover Soil depth R2 (%)

Plant community 13.1 -0.0530 -0.0182 -0.0524 LOO

Within the abandoned point bar landforn1 (Table3.23), six dependent variables

can be modelled with relatively high accuracy. Vegetation characteristics and

particle size indices are key variables for prediction with elevation also

playing a role in the development of the vegetation. Table 3.24 shows

regression models for dependent variables within the floodplain landform. Soil

profie characteristics are key predictor variables for species richness. This

indicates that the degree of soil development is important in the development

of the plant communities supported within this landform. Table 3.25 shows

that vegetation structure and abundance, soil type and soil acidity are key

predictor variables for plant community diversity within the remnants of the
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Table 3.25: Regression equations for the models with the highest degrees of

explanation (Rz :?60%) within the embankment landform.

Intercept S Tree Shrub Tall herb Soil group pH R2 (%)
cover cover cover

S 67.0 -0.4000 -5,0 99.8
HI 1.3 0.0375 98.7
J 0.846 0.0041 0.0009 -0.0019 -0.0293 62.4

embankment. Very strong models are produced for estimating species richness

andH'.

3.3.9. ANOVA

The ANOV A results for differences in mean values of environmental variables

between the landforn1 classes are presented in Table 3.26. The results show

that the means for every variable with the exception of OMC are significantly

different between the landforms. All values are significant at p~O.OOl level

except for pH which is significant at p~O.Oi. Therefore the null hypothesis of

equal means can be rejected with confidence and the alternative hypothesis

stating that the mean value of properties between landform type are

significantly different.

The graphs in Figure 3.14 show how the mean values of the environmental

variables differ between landforms. The graphs show that there is an overall

increase in each of the variable mean values with an increase in landform

class. This indicates that greater diversity exists along an aquatic-to-terrestrial
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Table 3,26: Results of analysis of variance (ANOV A) of environmental
variables between the landforni classes on Tomdachoille Island SSSL
a) Elevation

Sum of
Squares df Mean Square F p

Between groups 71.8 5 14,315 22.405 0,000
Within £rouPs 88,17 138 0,639
Total 159,75 143
b) H'

Sum of
Squares df Mean Square F p

Between groups 18,64 5 3,728 9,508 0,000
Within groups 54,11 138 0,392
Total 7275 143
c) H'nnx

Sum of
Squares df Mean Square F p

Betwecn groups 32,95 5 6,589 19.439 0,000
Within groups 46,78 138 0,339
Total 79,73 143
d) J

Sum of
Squares df Mean Square F p

Between groups 1.4 5 0,267 10,145 0,000
Within groups 3,63 138 2,63E.02
Total 4,97 143
e) S

Sum of
Squares df Mean Square F p

Between groups 4349,12 5 869,824 11.205 0,000
Within groups 10712.44 138 77626
Total 15061.56 143

f)TSR
Sum of

Squares df Mean Square F p
Between groups 8765,3 5 1753,061 8,099 0.000
Within groups 2987164 138 216.461
Total 38636,94 143

)'1g ree cover

Sum of
Squares dl Mean Square F p

Between groups 45093,71 5 9018,742 9,007 0,000
Within groups 13817273 138 1001.252
Total 183266.44 143
h) Shrub cover

Sum of

Squares dl Mean Square F p
Between grouos 8438,53 5 1687,706 9,783 0.000
Within groups 23807,22 138 172516
Total 32245,75 143
i) Tall herb cover

Sum of
Squares df Mean Square F p

Between 2:rOUDS 114851.9 5 22970,237 28,901 0,000
Within groups 109679,31 138 794,778
Total 224530.49 143

') Herb cover
Sum of
Squares dl Mean Square F p

Between groups 94257.96 5 18851.91 50,053 0.000
Within groUDS 51975,79 138 376,636
Total 146233,75 143
k) Moss cover

Sum of

Squares df Mean Square F p
Between groups 22891.7 5 4578.3 1 5 14.365 0,000
Within groUDS 43982.4 138 318.713
Total 66873,97 143
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I) Soil group

Sum of
Squares df Mean Square F p

Bet\veen groups 217,58 5 43,516 12,198 0,000
Within groUDS 492.31 138 3,567
Total 709,89 143
m 01 ept

Sum of
Squares df Mean Square F p

Between groups 197852,0 I 5 39570,401 83,435 0,000
Within grouos 65448,4~ 138 474,264
Total 263300,42 143
n) pH

Sum of
Squares df Mean Square F p

Between groups 1.51 5 0,301 4,063 0,002
Within groups 7,11 96 7.1 E.02

Total 8,62 101

) S Id

0) SMC%0

Sum of
Squares df Mean Square F p

Between groups 15217,88 5 3043,575 30,428 0,000
Within groups 9402,25 94 100,024
Total 24620,12 99
PJ

Sum of
Squares df Mean Square F p

Between groups 57,81 5 11,562 1.981 0,088
Within groups 548,51 94 5,835
Total 606.32 99

)OMC

) MEANq)

Sum of
Squares df Mean Square F p

Between QTOUDS 326,02 5 65,204 19,547 0,000
Within groups 430.31 129 3,336
Total 756.33 134
r)MINDOM

Sum of
Squares df Mean Square F p

Between groups 527,87 5 105,574 19,228 0,000
Within groups 708.28 129 5,491
Total 1236,15 134
s)MAXDOM

Sum of
Squares df Mean Square F p

Between Ill"UDS 483,85 5 96,77 31.74 0,000
Within QTOU)5 397,89 129 3,084
Total 881.3 134
t)MODOM

Sum of
Squares df Mean Square F p

Between groups 1075,62 5 215,123 24,567 0.000
Within grOUDS 1129,6 129 8,757
Total 2205,22 134
u)MEDOM

Sum of

Squares df Mean Square F p
Bet\veen QrOUDS 285,06 5 57,014 21,297 0,000
Within rrrouos 345,34 129 2.677
Total 630,4~ 134
v) Range

Sum of

Squares df Mean Square F p
Between groups 599929,76 5 119985,953 24,076 0,000
Within grouos 642899,16 129 4983,714
Total 1242828,93 134
w) Heterogeneity

Sum of
Squares df Mean Square F p

Between ~roups 271 5 54,2 11,925 0,000
Within grouos 586.3 129 4,545
Total 857,3 134
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gradient created by the landforms. In contrast, tree cover and soil moisture

content decrease dramatically between the landform classes.

3.3. i o. Spatial variance analysis- geostatistics

3.3.10a. Semivariance and spatial dependence

The results of semivariance analysis between significantly correlated floristic

and pedological indices and elevation for the whole data set are presented in

Table 3.27. Semivariograms for elevation and biodiversity indices are

presented in Figure 3.15 and semivariograms of the pedological properties are

given in Figure 3.16.

The elevation semivariogram shows strong non-stationarity within the data by

the decline in semivariance once sil variance is achieved. This shows distinct

groupings of topographic features the study area. Semivariance analysis for

biodiversity indices produced strong models with a good fit illustrated in

Figure 3 .15c-j. The isotropic models are stronger than the anisotropic models.

The anisotropic models indicating that spatial patterns vary along different

orientations within the study area are elevation, H' niax and 1. Table 3.27a

shows the strength of these models by the high RZ and low RSS values. The

model for elevation is considerably weaker than the other semivariance

models. The range of spatial dependence shows that the scale of variation for

elevation and diversity indices is relatively smalL. The range for species

richness approximates with that of elevation. H' and J show smaller scales of
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Table 3.27: Nugget, sill, range, regression coeffcient (R2) and reduced sum of

squares (RSS) for the isotropic (a) and anisotropic (b) semivariogram models

computed using the whole data set from Tomdachoile Island SSSI.

* = log normal transforn1ation; active lag = 196.66; uniform interval = 19.66.

a)

Variable Model Nugget Sill Range R¿ RSS
vanance vanance (m)

Elevation (m) * Spherical 0.007 1.054 69.00 0.64 0.268
S Spherical 0.200 1.00 70.20 0.97 0.010
H'l1ax Exponential 0.460 1.186 176.70 0.87 0.040
H' Spherical 0.183 1.012 45.50 0.83 0.032
J Spherical 0.137 1.024 52.30 0.82 0.050
Soil depth * Spherical 0.383 1.237 156.50 0.99 0.008
SMC* Spherical 0.171 0.997 33.10 0.45 0.091
MEAN Spherical 0.525 1.109 121.70 0.97 0.007
MINDOM Spheri.cal 0.526 1.108 115.60 0.97 0.009
MAXDOM Exponential 0.312 1.225 168.90 0.99 0.003
MODOM Spherical 0.442 1.076 9.70 0.96 0.010
MEDOM Spherical 0.538 1.077 104.50 0.97 0.007
Range Exponential 0.292 1. 180 144.60 1.00 0.001
Heterogeneity Exponential 0.466 1.054 79.20 0.97 0.003

b)
Variable Model Nugget Sil Major Minor RZ RSS

vanance vanance range range
(m) (m)

Elevation (m) * Spherical 0.001 1.521 107.30 107.40 0.48 7.620
S Spherical 0.00 1.400 140.50 140.60 0.70 3.004
H'max Spherical 0.641 2.600 442.00 1089.00 0.71 1.773
H' Exponential 0.001 1.420 151.56 205.41 0.43 3.034
J Spherical 0.639 3.434 585.00 2200.00 0.44 2.513
Soil depth * Exponential 0.396 1.996 517.50 608.10 0.74 1. 189
SMC* Exponential 0.830 2.319 738.00 7059.00 0.42 1.356
MEAN Exponential 0.623 2.112 873.30 1046.10 0.69 0.815
MIND OM Spherical 0.631 2.464 389.00 1046.00 0.74 1.222
MAXDOM Spherical 0.550 2.285 411.90 683.80 0.68 0.952
MODOM Spherical 0.680 2.126 491.70 836.20 0.60 1.152
MEDOM Exponential 0.001 1.349 154.56 157.44 0.65 1.564
Range Spherical 0.551 2.814 390.00 1205.00 0.66 1.399
Heterogeneity Spherical 0.716 3.117 487.00 2602.00 0.52 1.955
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spatial dependence in comparison to elevation. H'llax shows a considerably

higher scale of spatial dependence within the study area. Nugget variance is

low for these variables indicating little localised variation in the property

about the sample point. This gives greater confidence in the kriging results as

less spatial variation needs to be accounted for in the calculations. Sil

variance is achieved at similar scales of semivariance for the biodiversity and

elevation variables.

The anisotropic models for biodiversity and elevation are weaker, shown by

lower RZ and higher RSS values in Table 3.27b. The models showing distinct

anisotropy are elevation, H', H'max and 1. The range of spatial dependence of

H' and J varies considerably along different orientations across the study area.

Nugget variance is generally very low for anisotropic analysis of biodiversity

and elevation. Similar levels of sil variance occur between elevation, and H'.

Previous correlation analysis showed that soil properties are significantly

correlated with biodiversity indices. These results address the second

hypothesis posed for geostatistical analysis that biodiversity responds to pedo-

variation within floodplain environments. Figure 3.16 and Table 2.37a show

that very strong isotropic semivariogram models are fitted to the pedological

variables, indicated by the high RZ and low RSS values. The range of spatial

dependence of soil properties is generally higher than for geomorphic and

biodiversity properties. Where the range is notably greater, the sil variance is

also higher than for elevation and biodiversity indices. A degree of congruence

exists between particle size heterogeneity and the biodiversity indices.
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The anisotropic semivariograms in Figure 3.1 6d, f, h, j, I, P and r show that

semivariance of the given property varies along different orientations within

the study area. This is supported in Table 3.27b where these variables have

large contrasts in the major and minor range of spatial dependence. Nugget

variance for anisotropic pedological properties is relatively low. Sil variance

is generally higher than for the biodiversity indices. Congruence occurs

between anisotropic semivariograms for MEDOM particle size index and

biodiversity indices Sand H'.

3.3.10b. Kriging

The results of the kriging analysis for selected variables within the whole

study area are presented in Figures 3. i 7 - 3.23. The kriging maps presented

are for the variables for which strong models of spatial variance were

calculated using semivariance analysis. Variance (measured by standard

deviation) of the estimated values within the study area is very low for all

variables modelled. Variance only becomes high outside the boundary of the

study area. This indicates that sample intensity is suffcient for confidence to

be placed in the interpolated values. In comparing Figures 3.18 and 3.19 with

Figure 3.17 a loose congruence can be seen between high species richness and

elevation peaks and low species richness tends to occur in the lower lying

areas. No congruence in the pattem of species richness and evenness can be

seen with soil depth, shown in Figure 3.21. However an opposite trend can be

seen in the pattem of species richness in Figure 3.18 and the distribution of
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particle size range in Figure 3.22 where areas with great heterogeneity in

particle size classes coincide with zones of low species richness.

3.4. Discussion

Channel change has been active along the River Tummel throughout history.

The geomorphic dynamics of the system, together with some human influence,

have left a legacy of landforms across the valley floor which play an important

role in creating the spatial patterns of pedological and floristic diversity. In

addition, other research has shown that floodplain environments provide

impoiiant habitats for fauna and invertebrates (Hughes, 1997). This chapter

primarily deals with the current spatial patterns of diversity within the vicinity

of Tomdachoille Island SSSI therefore discussion on the wider patterns of

diversity and the temporal dimension wil be discussed in Chapter 5.

3.4.1. Spatial patterns of succession on Tomdachoille

The geomorphic and pedological patterning of the study area have given rise

to the development of thirteen plant communities within a 3.5 ha area. These

communities show various stages of succession and development from early

colonisers of frequently inundated zones through to mature Betula woodland

which will only be inundated during large-scale flooding events. The results

revealed distinct patterns of succession within the study area. A conceptual

model of the stages of succession at Tomdachoile is presented in Figure 3.24

and the stages of plant succession showing the range of habitat types present at
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Figure 3.24: Conceptual model of the stages of vegetation succession in relation
to elevation and particles size gradients within the Tomdachoille Island SSSI
study area.

Tomdachoil1e are illustrated in Plate 3.2. The poorly colonised bare gravel

habitats appear to be initially colonised by Salix species and S. scoparius. The

succession patterns of community development observed are in agreement

with the observations of Coates (1915). Greater stability and less frequent

inundation are indicated by the presence of bryophytes. Once bryophytes are
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b) Point bar with Ulex europaeus and Sarothamnus scoparius scrub invasion
with carr woodland in the background.

Plate 3.2: Vegetation communities within various landform features on
Tomdachoile Island SSSI study area. (Continued overleaf).
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c) Abandoned point bar with extensive bryophyte and Thymus drucei cover.

d) Carr woodland within an abandoned channeL.
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e) Wet carr woodland along a cut-off channeL.

~.,~:~é~
-.' ,.. f- -.

f) A mosaic of habitat types along a backwater at Tomdachoile.
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g) U4b herb-rich meadow with CWD and Betula woodland in the background.
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established, finer sediment is trapped within the moss-matt produced. This

enhances the moisture retention capacity locally and enables other early

colonisers to exploit the habitat within the moss patch. Areas of relative

stability within the gravel habitats are therefore important for succession to

proceed. Bryophyte colonisation appears to be crucial to further development

of the community. A clear progression is seen within the study area from bare

gravel to bryophyte colonisation through to the herb rich community present

on the abandoned point bar. This can be inferred from the TWINSP AN

grouping ofDS quadrat with the abandoned gravel bar samples suggesting that

the successional pathway is similar. This community then develops into herb

rich meadows within the newly developing floodplain zone.

Further successional links are suggested with the grouping of quadrat G3 with

the Arrhenatherum elatius meadow. This quadrat is in proximity to the U4b

herb-rich meadow and WIld Betula woodland community. The incorporation

of agricultural land into the semi-natural floodplain as a result of channel

change at Tomdachoille has led to the development of MGle community

which typically thrives once grazing ceases (Grime et al., 1990). This

community typically progresses to broadleaf woodland thus the grouping with

G3 suggests floristic similarity to the understorey and field layer of W lId and

U4b.

Other pathways of succession on the unvegetated gravel are for riparian

woodland development. Carr woodland within the study area forms a linear

corridor following the line of the backwater and the abandoned channeL.
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Proximity to the water table seems crucial due to the water requirements of

tree species. The type of carr woodland that develops appears to be closely

related to the substrate characteristics. Distinct riparian communities are

present adjacent to each other within the study area. The key difference being

substrate texture where one community is developing on gravel substrate at

the outskirts of the abandoned channel, and the other community is at a lower

elevation with sandy substrate and an intricate network of streams. Other

studies have shown that elevation and soil/substrate texture are important

determinants in the establishment and patterns of development of riparian

communities (e.g. Nilsson et aI., 1989; Van Splunder, 1998). Nilsson et al.

(1991) also found a positive correlation between species richness and substrate

heterogeneity within riparian communities. This supports the hypothesis that

increasing habitat heterogeneity within floodplain environments results in an

increase in species diversity locally. Nilsson et al. (1991) found that

vegetation cover increases with an increase in substrate fineness in floodplain

zones. This is consistent with the findings of this research. From this it can be

infelTed that the moisture retention capacity of the soillsubstrate is critical in

the more advanced stages of succession. The presence of a fine matrix within

the gravel is essential for the establishment of vegetation (c.f. Sneddon and

Randall, 1993). This is due to the improved moisture retention capacity of the

gravel where finer substrate is present. The fine matrix acts as a reservoir,

which is vital for successful germination of seeds. Sneddon and Randall

(1993) found that the primary controls on the development and maintenance of

vegetation in gravel habitats to be the mobility, matrix and moisture conditions

of the substrate.
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3.4.2. Spatial patterns and relationships between the landscape components

Nilsson et al. (1989) found that the correlation between species richness and

substrate heterogeneity is consistent with the hypothesis of Ward and Stanford

(1983) that species diversity and environmental heterogeneity should be

closely related along rivers. The correlations between the plant species

diversity indices confirm the hypothesis that geomorphic heterogeneity is

related to plant community development. All correlations are strongly positive

and show that diversity measures are greater within the more stable landforms

which are infrequently disturbed by flood events.

The analysis revealed the environmental variables explaining the variation in

the patterns of species distribution within the study area. Among these

variables elevation and pedological properties are shown to play a role in the

pattern of species distribution. Floristic patterns vary depending upon

elevation of the site, but also in response to a steep substrate environmental

gradient. Substrate texture varies from coarse textured gravel including small

boulders and large cobbles to shallow immature soils in the very early stages

of pedogenesis, through to relatively deep well sorted profiles of fine sands

over relatively short distances. Floristic patterns and the structure of the plant

communities are also shown to influence species distribution. Tree cover and

tall herb cover significantly influence patterns of species distribution. This can

be attributed to the distinct vegetation types and flood-tolerant species that

colonise riparian woodland communities. Dense carr woodland will also

exclude shade-intolerant species. Tall herb cover indicates greater stability and
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where it is dense also indicates a longer period of development. The species

occurring where there is dense tall herb cover wil be less tolerant to

disturbance. This is illustrated on the ordination diagram in Figure 3.3 where

species locations are clustered around the zones of higher elevation with

deeper soils, finer substrate texture and a high cover of tall herbs. Other

species clusters are found where there is greater particle size heterogeneity,

unvegetated gravel and substrate size is typically relatively coarse. Another

group of species are distributed along gradients of dense tree cover associated

with carr woodland, bare soil and open water.

Overall this analysis has shown that the plant communities and substrate types

are related to elevation and landform class. An increase in elevation across the

study area tends to lead to an increase in the floristic variables except for tree

cover, soil depth and particle size index scores. Floristic variables also tend to

be positively correlated with these pedological variables. Plant community

type and species diversity indices tend to be correlated to elevation and soil

properties, in particular particle size and soil depth, within all of the landform

classes. Within the point bar landform, substrate characteristics are related to

elevation where finer more sorted substrate tends to occur within the

depressions. In turn, plant community type and vegetation cover is related to

particle size. The overall patterns throughout the study area are for plant

community type and floristic diversity indices to be related to elevation and

soil properties. Tree cover within the floodplain tends to decrease with an

increase in elevation. This is consistent with the findings of Baker (1990) and

is the result of dense carr woodland colonising low lying areas of alluvial
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landscapes. Analysis of variance shows that there are distinct differences in

the vegetation and pedological assemblages between the different landform

classes. This further supports the hypothesis that geomorphological diversity is

the key to overall landscape diversity as it produces botanical and pedological

heterogeneity within the valley floor. Diversity within the study area tends to

increase along an aquatic-terrestrial gradient.

Despite the results showing that diversity is greater in the perpendicular

orientation to the main channel, the correlation results revealed that the

diversity indices hold significant correlations with each other in the parallel

dimension. In the perpendicular direction, high geodiversity measured by the

Shannon index equates with higher H'max pedodiversity. The relationships

between the diversity indices in the parallel orientation are very highly

correlated to each other suggesting that biodiversity and pedodiversity are

responding to geodiversity, and in turn biodiversity is related to pedodiversity

within the study area.

Several strong regression models were derived from the analysis which will be

tested for their predictive capacity along other reaches of the river. It is

anticipated that several environmental variables can be predicted with

reasonable confidence from key environmental predictors. Within the

landform classes, very strong regression models have been derived for the

floristic diversity indices. Substrate properties being predictor variables in

many of the regression models for predicting species diversity. Regression

analysis has shown that the environmental variables, in particular floristic
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properties, are responding to pedological and geomorphological characteristics

of the study area.

Geostatistical analysis revealed that spatial dependence within the study area

varies from 9.7-176. 7m for isotropic analysis. The range of spatial dependence

for elevation, species richness, and to an extent, particle size heterogeneity,

show similarity. These variables show spatial independence is achieved at

around 70m. The Shannon index (H' and J) show spatial dependence over

slightly shorter distances, however both also show anisotropic variation.

Although it can be argued that a degree of congruence exists between

elevation, species richness and particle size heterogeneity, the model for

elevation is weak due to the pattern of semivariance and the fact that it

displays anisotropy. However, the relationship between species richness and

particle size heterogeneity can still be reinforced with the semivariance

analysis results.

Despite the weak model of semivariance for elevation, the kriging results

show a fairly accurate representation of the floodplain morphological

structure. Overall the estimated values are predicted with low variance thus

giving confidence in the results. The maps produced can therefore be seen as a

reasonably accurate portrayal of the spatial distribution of the environmental

variables analysed. The kriging maps for species richness and particle size

range support the hypothesis that species distribution patterns within

floodplain environments is related to substrate heterogeneity as a distinct
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pattern exists where low species richness tends to coincide with high particle

size range.

3.4.3. Spatial patterns of landscape diversity within the Tomdachoille study

area

The diversity results support the view that a suite of habitat types is essential

for maintaining species richness within alluvial valley floor environments.

Although the point bar and its associated plant communities have a low

species richness, this feature provides a suitable habitat for rare species which

tend to colonise the more elevated parts of the point bar which are less likely

to be inundated annually. Where a shifting mosaic of habitats exists the results

have illustrated that species richness within point bars increases dramatically

over very short time-scales when the feature is isolated from the main channeL.

From the results it can be inferred that species richness within the now

abandoned point bar has increased from approximately 79 species to 93

species in 25 years. However, frequent disturbance does not indicate poor

species richness, as illustrated in Table 3.6c. These results show that not only

do the highest counts of rare species occur within the landforms most prone to

inundation, but also that very high species richness occurs within the

abandoned channeL. The key variables influencing the dense vegetation within

this landform are substrate texture and open water (streams and pools)

providing a suitable habitat for species intolerant of drought conditions and

tolerant of shade. This landform was created approximately 25 years ago when

the river changed course and it now hosts 143 species within the dense carr

163



woodland that has developed. This landform has the second highest species

richness within the study area with the most mature areas of the floodplain

having the highest species richness.

The spatial patterns of species richness and their association with landform

support the need to preserve and rehabilitate semi-natural floodplain

environments. In a culture where development and land management typically

cause a decline in species richness, this study area shows distinct trends for

species recruitment over time due to the spatial patterns of habitat types

creating a variety of vegetation types at different stages of succession. The

importance of geomorphic heterogeneity is emphasised in the results by the

rapid increase in the number of species unique to the landforms, where 89

species are unique to one landform class. Further analysis of these findings

revealed that all of the landform classes have unique species, thus contributing

to higher landscape diversity. The Shannon index results show that overall

diversity is relatively high in most communities within the study area. The

riparian communities score among the lowest on the Shannon index. These

communities are W6 and W7a and both occur within the abandoned channel

landform. This shows that internal heterogeneity within the landform features

also contributes to higher landscape diversity because although these

communities score low on the Shannon index, when combined these

communities provide high species richness within the landform they inhabit.

This emphasises the role of pe do diversity in promoting species richness. A

steep environmental gradient of substrate texture exists within this landform

creating high pedodiversity, which in turn produces high botanical diversity.
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The CANOCO results suggest that the point bar and inundation zones are

species poor with low diversity based on the Nz statistic. The samples within

these zones may not be species rich however, they do contain rare species at a

higher frequency than the other landform classes. The Nz statistic revealed the

samples within the floodplain zones to be of the highest diversity. This is the

case in terms of the count of species. These results show that the mosaic of

habitats is important in the maintenance of overall landscape diversity because

landforms that are species poor do tend to contain a higher number of rare

species. The analysis of species tolerance showed that Myosotis sylvatica and

Teesdalia nudicaulis, which are both rare species occurring in the floodplain

and point bar landforn1s respectively, have low tolerance and are therefore

very site specific. Efforts should be made to preserve the suitable habitats for

these species to maintain their presence within the county.

Channel abandonment has also enabled the development of swamp and marsh

communities thus enhancing local landscape diversity. The pattern of carr

woodland also emphasises the importance of channel change in maintaining

diversity of plant communities within floodplain river systems. Carr woodland

is now a rare feature nationally, being recorded as extensive at 0% of Scottish

rivers and present at only 2% of Scottish rivers and the occurrence of A.

glutinosa is only extensive at 4% of rivers in eastern Scotland (Raven et al.,

1998). A. glutinosa is also reported to occur in less than 1 % of the total cover

of British woodland (Grime et al., 1990). When putting the patterns of habitat

features and diversity present within the study area in the context of Scottish
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rivers, it is evident that this area is of national importance in the habitat types

it supports.

Lateral migration and channel change also enhances the diversity of the fluvial

landscape. Differing patterns of diversity are observed along different

orientations of the floodplain showing the spatial heterogeneity that exists

along an aquatic-terrestrial environmental gradient. Bio- and pedo-diversity

are both shown to be greatest in the transverse orientation to the main channeL.

This indicates that distance from the channel influences the patterns of

diversity that evolve. The unstable landform classes have greater internal

heterogeneity in terms of bio- and pedo-diversity, in particular particle size. In

terms of the whole study area, relatively high heterogeneity is observed for

species richness, soil depth, soil moisture content and particle size range. The

heterogeneity of the soil properties being of key importance in providing an

array of differing local habitats which lead to diversity among plant

communities.

The small study area hosts 17 rare species including some very rare species

both locally and nationally in the UK context. These species include P. veris

which is now rare in meadows in the UK due to agricultural practices (Grime

et al., 1990). However the Rivers Tummel, Tay and Garr provide suitable

habitats for this species and its occurrence is recorded as occasional within the

county (Smith et al., 1992). The results revealed that the maintenance of a

mosaic of fluvial landforms is crucial to the persistence and preservation of

rare and very rare species of flora. Many of the rare species within the point
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bar and abandoned point bar landforms have not been recorded in Perthshire

since 1970. This emphasises the importance of these features in maintaining

diversity at the county leveL. The landforms these rare and very rare species

have colonised have been modified by channel change in the post 1971 period

at Tomdachoille. This has created areas of the point bar landforms that are

inundated at a lower frequency thus enabling early stages of succession to

proceed. A summary of the species present within the study area which are in

decline in the UK context are summarised in Table 3.28.

Table 3.28: Summary of species present in abundance at Tomdachoile that are

undergoing a decline in abundance in the UK context (taken from Grime et al.,

1990).

Species name Reason for decline
Filipendula ulmaria Decreasing due to the loss of

wetlands
Galium cruciata Poor coloniser, mainly riverbanks
Galium verum Restricted to semi-natural and ancient

habitats
Lotus corniculatus Agricultural pressure
Potentila sterilis Plant of ancient woodland, poor

coloniser
Primula veris Declining through ploughing of

pasture and decrease in grazing
pressure in semi-natural grasslands

Ranunculus acris Easily controlled and slow to
establish, confined mainly to
permanent pasture

Rhinanthus minor Habitat destruction

Thymus drucei Land use practices in lowlands
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3.5. Summary

The aim of this chapter was to interrogate landscape diversity and investigate

the relationships between landscape components and the spatial patterns of

diversity. From the analysis, linear statistical models of the controls on the

patterns of diversity have been produced and are to be tested along other

reaches. In addition, a conceptual model of the pathways of plant succession

based on variations in particle size and elevation is to be validated at the other

study areas.

Overall the results of the diversity analysis suggest that the landforms are the

basic unit of the landscape. This is indicated by the lower variation between

classes in the diversity indices of the plant communities and soil/substrate

groups when the data was grouped by landform in comparison to grouping the

data by plant community or soil/substrate type. Although no distinct pattern

can be derived between the distribution of plant communities and

soil/substrate class, the results have indicated that particle size is an important

factor in influencing the spatial patterns of species assemblages across the

study area. The variation in the diversity of landforms within the soil/substrate

groups suggests that soil type does not directly respond to the landforn1 class

on which it is developing and other factors come into play. The results show

considerable substrate heterogeneity within the landforn1 classes. This

heterogeneity seems to influence the patterns of plant communities that

colonise. Thus not only do the landforms increase pedorichness within the

landscape, but also the spatial patterns of the landforms and soil/substrate
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types enhance biodiversity within the landscape. Thus landscape diversity is

dependent upon the degree of heterogeneity of these three key landscape

components.

Following the study at Tomdachoile Island, further research was planned for

other reaches of the River Tummel in order to validate the models produced.

In addition relationships between diversity, environmental variables and the

spatial pattern of diversity were also studied within the other study areas.
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Chapter 4: Validation of the relationships between the components of

landscape diversity along other reaches of the River Tummel.

4.1. Introduction

Additional reaches along the river which have a history of channel change and

a mosaic of landform and habitat types were selected for testing the

relationships between the components creating landscape diversity within

alluvial valley floors. Sampling intensity was reduced partly due to logistics

but also as a result of high water levels throughout the year for the following

two field seasons. Many areas of the gravel islands were inundated or access

was hazardous throughout the summer months either as a result of deep high

velocity water or due to nesting terns on the mid-channel bars.

4.2. Methodology

4.2.1. Criteria for the selection of study areas

Additional study areas were selected based upon geomorphic criteria outlined

in Appendix 2. The geomorphic landforms within the study areas were

mapped from aerial photography from 1994 and field investigation. NVC

Phase 1 Habitat Survey was also carried out from aerial photographs from

1994 and the habitat map derived was validated in the field. The results in

Chapter 3 revealed that the geomorphic landforms are the basic unit of the

landscape influencing the spatial patterns of plant community and substrate
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heterogeneity within the valley floor. Therefore field sampling was stratified

within the various landforms mapped within the study areas. Sampling was

further stratified so that sample points were located within the plant

communities mapped from NVC Phase 1 Habitat Survey within the landform

classes. Samples were located along transects running parallel and

perpendicular to the main channeL. Transects were positioned parallel and

perpendicular to the channel in order to assess the degree of spatial variation

in' relation to orientation to the channeL. Transects were located randomly

within each habitat type and samples were located randomly along transects.

By adopting this approach, the major sources of variation within the study area

have been identified prior to sampling thus the overall pattern of variability

within the study area has been incorporated (Kent and Coker, 1992). This

sampling strategy also ensures that all areas of major variation are sampled

equally. This approach was not adopted for the initial study at Tomdachoile

as the patterns of variation were unknown and could only be inferred from

visual interpretation of the landscape character. This however introduces bias

into the results. The analysis revealed that the landscape pattern is governed

by geomorphic patterns and that variation exists within the plant community

types. These results support the need for stratifying sampling when studying

the spatial patterns of diversity within alluvial valleys.

A map of the additional study areas where access was feasible during the

following field seasons is presented in Figure 4.1. The landforms sampled are

point bar (opposite Tomdachoile Island SSSI, Figure 3.1) and Ballinluig
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Island SSSI. Ballinluig Island SSSI incorporated a suite of landforms

including floodplain, abandoned channel, and backwater. The gravel areas at

Ballinluig were inundated during the field season and the mid-channel bars

inaccessible and so were not included in the sampling. However, these areas

are included in the temporal analysis of diversity patterns in chapter 5.

4.2.2. Field sampling strategy

Sample points were located randomly along randomly located transects

running parallel and perpendicular to the main channel within the habitat types

found within each landform class. A minimal sampling interval of 50m was

chosen by utilising information on spatial dependence from geostatistical

analysis of data from Tomdachoile Island. This was done to improve

statistical analysis of the data as most tests assume that the data is not spatially

autocorrelated. Field data collected at each sample point was consistent with

the sampling undertaken at Tomdachoile Island SSSI. Field data was also

analysed in accordance with the methodology stated in Chapter 3. Regression

equations derived in Chapter 3 were tested on the data derived from the

additional study areas in order to test their predictive capacity. The differences

between actual and predicted values were analysed using paired t-test. The

hypotheses for the test are given below:

Ho = predicted and actual values are equal

Hi = predicted and actual values are not equal.

The test was performed with the aim of accepting the null hypothesis that the

values are equal.
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4.3. Results

4.3.1. Historical data interpretation

Historical changes in the planform of the river are described in Chapter 1 and

further details are given in Winterbottom (1995). The aerial photographs

presented in Plate 1.2 demonstrate the patterns of channel change and plant

community development in the vicinity of Bal1inluig over the past 50 years.

The patterns of temporal change are presented and discussed in greater detail

in Chapter 5. Channel change has occurred within this reach following the

floods of 1990 and 1993. This flooding caused reworking of the gravel

overriding existing vegetation on the gravel island opposite Tomdachoile and

causing the channel to erode the point bar at Ballinluig Island. This led to the

creation of a mid-channel bar and the river is now eroding the banks of

Ballinluig Island SSSI.

4.3.2. Vegetation classification and description

The NVC Phase 1 Habitat Survey map is presented in Figure 4.1 of the

Ballinluig reach of the river. The NVC Phase 1 Habitat Survey map of the

point bar opposite Tomdachoille Island is given in Figure 3.1. The habitat map

shows that the Ballinluig reach of the River Tummel is dominated by broad-

leaved semi-natural woodland. These woodland patches form semi-continuous

longitudinal patches along the river corridor. The broad-leaved woodland is

interspersed with patches of semi-natural neutral unimproved grassland and
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semi-natural coniferous woodland. The coniferous woodland is composed of

P. sylvestris with its seed source being derived from the coniferous plantation

spanning the valley walls of this section of the Tummel valley on the right side

of the river. Other habitat types present are dense scrub dominated by S.

scoparius, oligotrophic standing water within the cut-off channels,

oligotrophic running water and a floodplain mire is present within the wet

woodland opposite Ballnluig Island SSSI. Vegetated and unvegetated gravel

habitats are additional features. It is these areas which were either inaccessible

or inundated during the field seasons.

4.3.2a. TWINSPAN interpretation

The dendrogram showing the divisions of the samples by species in the

TWINSP AN routine is given in Figure 4.2. At the first level of divisions the

samples are split separating the grassland and heath vegetation types from the

wooded communities. The indicator species on the positive arm of the division

are B. pubescens, S. sylvatica and G. aparine. The strength of the split is

strong, indicated by the high eigenvalue.

The following paragraphs explain the divisions on the negative arm of the

dendrogram only. The negative split at the second level of divisions is very

strong, with an eigenvalue of 0.632, separating out the gravel bar community

upstream from the grassland communities on Ballinluig Island SSSI. The

negative group at the second level of divisions forms the end group. The
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positive group produced from this split is divided once more. The strength of

the split is quite weak however, but accepted as separate communities due to

the negative indicator species being S. scoparius, an abundant scrub species

which is absent in the other group of samples. Level three of the divisions on

the negative arm of the dendrogram is accepted as the final leveL.

The following paragraphs describe the divisions of the groups of samples on

the positive arm of the dendrogram. Group* 1 is further divided with a

relatively high eigenvalue of 0.502, with A. odoratum being the negative

indicator species. This has separated out the woodland community on the

negative side of the split from the wetter woodland communities. The second

level of divisions is accepted as the final end group for the negative side of the

split. The remaining 11 samples in group * 11 is split once more to produce 2

end groups. Again the split is strong, with negative group indicator species

being A. glutinosa and A. pseudoplatanus, and the positive group indicator

species being A. capilaris and Barbarea vulgaris.

4.3.2b. Community classifcation

A total of six vegetation types were identified by the TWINSP AN analysis.

The end groups' were entered into TABLE routine within the VESP AN

program to produce constancy tables of the floristic data. Data were prepared

in TABLE for analysis in the MATCH routine for allocating the groups to a

British Plant Community type. The constancy tables produced in the TABLE

routine for each plant community type are given in Appendix 10. These tables
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show the floristic composition of the communities along with a summary table

of the environmental variables. The best fitting British Plant Communities for

each end group are presented in Table 4.1. The results from the MATCH

routine were used as an aid to classifying the vegetation types within the study

areas. Descriptions of the floristic characteristics of these habitats are given in

the British Plant Community publications (Rodwell, 1991 a; 1991 b; 1992;

1995a). The MATCH routine failed to allocate a suitable vegetation type to

the gravel and backwater habitats because these, communities have not been

sampled in the British Plant Community system. Habitat names for these

communities have been given according to the dominant and most abundant

species characteristic of the community. A vegetation map of the area is given

in Figure 5.8d in Chapter 5.

4.3.3. Floristic relationships with environmental variables

The results of the forward selection of environmental variables in the

CANOCO routine are given in Table 4.2. The table shows the cumulative

variance of each variable in explaining the pattern of species distribution, and

the order in which the significant variables (p~0.05) were included into the

modeL. A summary of the CANOCO output is given in Table 4.3. The total

inertia is a measure of the total variance in the species data (3.1 77). The

eigenvalues are a measure of the importance of an ordination axis. The

species-environment correlations are a measure of the strength of the

relationship between the species and environment for a given axis, with axes 1

and 2 having high values (0.976 and 0.942 respectively). The cumulative
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Table 4.2: Forward selection of significant environmental variables (p~0.05)

in CANOCO. The total variance describes the cumulative variance each

property explains when added to the modeL. The variables are presented in the

order they were included into the modeL.

Variable Total variance p-value
Tree cover 0.46 0.005
MIND OM 0.83 0.005
Open water (%) 1.04 0.005
Unvegetated gravel 1.14 0.005
MAXDOM 1.24 0.005
SMC (%) 1.33 0.005
Elevation (m) 1.41 0.005
Dead wood (%) 1.49 0.005
Shrub cover 1.57 0.005

Table 4.3: Summary statistics of the CANOCO results for the first 4

ordination axes.

Axes 1 2 3 4 Total
inertia

Eigenvalues 0.500 0.454 0.225 0.121 3.177
Species-environmental 0.976 0.942 0.918 0.852
correlations
Cumulative percent variance:
Of species data 15.7 30.0 37.0 40.8
Of species-environment relation 31.9 60.9 75.2 82.9

Sum of all unconstrained 3.177
eigenvalues
Sum of all canonical 1.566
eigenvalues
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percent variance of the species-environment relation shows that 60.9% of the

variation in the species distribution is explained by the environmental

variables in the first two axes. The resulting ordination diagram produced

when plotting the species scores with the biplot scores of environmental

variables is given in Figure 4.3.

The analysis shows that nine environmental variables are significantly

correlated to the pattern of species distribution. The direction of the greatest

influence the variables have upon the species distribution is denoted by the

direction and length of the arrows on the ordination diagram. On the lower

left-hand side of the ordination, the species and habitats are occurring in areas

of relatively high elevation and in well-drained conditions. Key species in the

lower left-hand section of the diagram that are highly correlated to increasing

elevation are grassland species, namely A. odoratum, F. ovina and H lanatus.

The diagram also indicates that there is a high proportion of shrub cover,

typically that of scrub species such as S. scoparius. Substrate texture is finer

where these species and habitats occur. The upper left-hand section of the

diagram shows the distribution of species typical to the gravel habitat in

relation to environmental variables. The species that is highly correlated to the

axes is H matronalis. These species occur where there is a relatively high

proportion of unvegetated gravel substrate, which is well drained due to

substrate composition. On the lower right-hand side of the ordination, the

plant communities respond to an increase in elevation, although the species

distribution within these communities is less related to elevation than the

grassland habitats. Fine substrate texture and soil moisture content are more

181



.. 00 IV

I P
oi

nt
 b

ar
 I

.
.
 
H
.
 
m
a
t

3

. .
. .

2

I 
W

et
 w

oo
dl

an
d

.
 
S
B
%

1.
5

B
R

. .

.
. .

.-
 .

. .
 
.
.

. I
.

- 
1.

5
.
 
.
.
 
-
 
¡
j
 
5
 
.
.

-:
 -

 i-
 ,.

 ..
. ~

 -
 . 

. .
E
 
.
 
A
.
o
d
o

. .

I 
G

ra
ss

la
nd

 a
nd

 h
ea

th
 I

F.
ov

i
H
.
 
f
a
n

I
 
B
i
r
c
h
 
w
o
o
d
l
a
n
d

Fi
gu

re
 4

.3
: O

rd
in

at
io

n 
di

ag
ra

m
 o

f 
sp

ec
ie

s 
an

d 
en

vi
ro

nm
en

ta
l v

ar
ia

bl
es

 w
ith

in
 th

e 
ad

di
tio

na
l s

tu
dy

 a
re

as
.

E
nv

ir
on

m
en

ta
l v

ar
ab

le
s 

ar
e 

de
no

te
d 

by
 a

ro
w

s 
an

d 
re

d 
sq

ua
re

s,
 th

e 
sp

ec
ie

s 
ca

ri
ng

 a
 h

ig
h 

w
ei

gh
t f

or
 it

s 
sp

ec
ie

s
sc

or
e 

ar
e 

m
ar

ke
d 

on
 th

e 
di

ag
ra

m
.

L
eg

en
d:

E
: e

le
va

tio
n 

(m
)

O
W

: o
pe

n 
w

at
er

 (
%

)
SM

C
: s

oi
l m

oi
st

ur
e 

co
nt

en
t (

%
)

A
. e

la
: A

rr
he

na
th

er
um

 e
la

tiu
s

H
. l

an
: H

ol
cu

s 
la

na
tu

s

SB
%

: s
hr

ub
 c

ov
er

D
W

: c
oa

rs
e 

w
oo

dy
 d

eb
ri

s 
(%

)
B

R
: u

nv
eg

et
at

ed
 g

ra
ve

l (
%

)
A

. o
do

: A
nt

ho
xa

nt
hu

m
 o

do
ra

tu
m

H
. m

at
: H

es
pe

ri
s 

m
at

ro
na

lis

M
A

X
: M

A
X

D
O

M
 (

pa
ri

cl
e 

si
ze

 in
de

x)
M

IN
: M

IN
D

O
M

 (
pa

rt
ic

le
 s

iz
e 

in
de

x)

F.
 o

vi
: F

 e
st

uc
a 

ov
in

a



important environmental variables influencing species distribution in the

lower right of the diagram. The increase in soil moisture is likely to be in

response to the finer substrate texture which has a greater moisture retention

capacity. A. elatius is strongly correlated with the environmental variables in

this quarter of the ordination. This species is the dominant grass among the

field layer of the Betula woodland. Low lying zones of the study area are

situated within the upper right of the ordination. With a decline in elevation,

Figure 4.3 shows that there is an increase in tree cover, coarse woody debris,

open water and coarser substrate indicated by MAXDOM. Species typical of

wet woodland are plotted in this portion of the ordination and are found within

the backwater communities.

The CANOCO routine examines sample heterogeneity as a measure of species

diversity using the Nz statistic, which is the reciprocal of the Simpson

diversity measure. A summary of these results are given in Table 4.4 showing

those samples with very low diversity and species poor (Table 4.4a), and those

samples with high diversity and species rich (Table 4.4b). The samples

presented in Table 4.4a are from areas of poorly colonised gravel. The samples

in Table 4.4b are from the Betula woodland W1 lc, the carr woodland W7, and

MG5b grassland community. Table 4.5 shows summaries of species tolerance

analysis in CANOCO. Table 4.5a shows species having a low tolerance

(Nz~3), meaning they tend to be site-specific species which only colonise

certain habitats within the study area. Table 4.5b shows species with a high

tolerance (Nz:?25); the tolerance level was reduced for this analysis based

upon the range of species tolerance within the dataset. The species recorded in
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Table 4.4: Sample heterogeneity expressed by Nz. Showing (a) samples with

low Nz (species poor) and (b) samples with high Nz (species rich).

(a)

Sample Nz

GB1 6.81

GB2 10.29
GB4 8.45
GB5 11.49
GB6 10.64
GB7 12.78
GB8 11.08
GBlO 12.55

(b)

Sample Nz

W3 32.35
W4 31.81
W5 31.88
W6 31.09
W7 36.32
W8 35.73
WLO 32.33
WWL 33.04
SB2 31.18
SB7 30.27

Table 4.5: Summary of the CANOCO output of species with (a) low tolerance

(Nz~3) and (b) high tolerance (Nz:?25).

(a)

Species name N2

Agrostis capilaris 2.97

Alchemila vulgaris 1.90

Angelica sylvestris 2.89
Calluna vulgaris 2.96
Chrysosplenium oppositifolium 2.97

Climacium dendroides 1.97

Conopodium majus 3.00
Cynosurus cristatus 2.80
Helianthemum chamaecistus 2.80

Hypochoeris glabra 2.89
Juncus articulatus 1.90

Lepidium heterophyllum 2.89

Luzula sylvatica 1.99

Mimulus guttatus 1.97

Rorippa nasturtium-aquaticum 2.89
Rumex obtusifolius 1.90

Scrophularia nodosa 3.00
Scutellaria galericulata 1.90

Senecio viscosus 1.73

Stellaria holostea 2.85

Stellaria media 2.85
Trifolium pratense 1.90

Valaria offcinalis 1.80
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(b)

Species name N2

Anthoxanthum odoratum 29.18

Arrhenatherum elatius 27.23

Deschampsia cespitosa 28.23

Festuca ovina 37.6

Galium verum 25.77
Holcus lanatus 29.53

Hylocomnium splendens 26.89
Rhytidiadelphus squarrosus 25.94
Teucrium scorodonia 25.99
Veronica chamaedrys 25.02
Viola riviniana 30.14



Table 4.5b are tolerant of environmental variation and occur in many samples

and different plant communities within the study area. The species showing

low tolerance are typical of the gravel habitats, coarse substrate and areas

prone to inundation. Grass species are highly tolerant, along with common

herbaceous species and bryophytes.

4.3.4. Soil classification and description

Cluster analysis identified five soil/substrate groups based on soil profie and

substrate characteristics. Tables of the soìl/substrate groups, showing the

values of the variables, summary statistics and the samples belonging to each

group, are given in Appendix 11. The soil groups defined by cluster analysis

were compared to the substrate types classified within the Tomdachoile

dataset and where groups were found to not be significantly different they

were classified as the same group.

Group 1 is composed of gravel substrate with no soil profie development. The

substrate texture is highly heterogeneous with a large range of substrate

particle size classes. The samples are overall characterised by a coarse texture

and are derived from the gravel island habitat.

Substrate group 3 occurs where there sample area is either inundated or the

ground has a full matt of vegetation with no soil profie development

overlying the gravel deposits, hence no data could be recorded in these

circumstances.
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Group 5 is composed of samples from woodland communities with

considerably deeper soil profies. Consequently these soils are more freely

draining and have a lower pH as a result of leaching of these sandy soils.

These soils are still lack distinct soil horizon development. The texture of

these soils is dominated by medium and fine sands and is well mixed.

Group 6 is composed of deeper soil profiles, although stil immature in

development. Profies are more well-drained than group 7, probably due to the

deeper soils. These soils are also notably of a coarser texture which wil

reduce the moisture retention capacity of the substrate. The samples making

up this group are from woodland and grassland communities.

Group 7 is characterised by shallow basic alluvial soils. The samples making

up this group are mainly from the grassland communities. These soils have a

relatively high soil moisture status and are composed of fine textured materiaL.

The organic content of these profies is also on the whole greater than in the

other soil/substrate groups.

4.3.5. Landform classification and description

Four landforms were identified within the study area. The landforms present

are backwater, abandoned channel, point bar and floodplain. Floodplain is

defined as land either side of the channel from the first major break in slope.

Confusion may occur in definition in terraced floodplain environments but

generally this approach should work.
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4.3.6. Diversity analysis

The results of the diversity analysis are presented in Figures 4.4-4.8 and

Appendix 12. Diversity indices were calculated with the data grouped

according to plant community, soil/substrate group, and landform class. In

addition differences in diversity along transects perpendicular and parallel to

the channel were also examined.

4.3.6a. Data grouped by plant community

4.3.6ai. Richness

Total species richness and summary statistics of species richness within each

plant community are presented in Figure 4.4a and Figure 4.4b shows the

results of the summary statistics of the TSR index within the study area. In

terms of total species richness, Figure 4.4a shows W1 1c community to be the

most diverse, with relatively high mean, minimum and maximum values and a

low standard deviation. However this community is also the most extensive of

all of the vegetation types thus increasing the likelihood of having a higher

species diversity. The W7 woodland and U4b communities are also relatively

species rich in terms of the total number of species present. The gravel bar

community SHpc is the least diverse of the plant communities present. This is

due to poor colonisation of the point bar at present with only localised patches

of full vegetation cover existing. Where a full matt of vegetation does cover a
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Figure 4.4: Summary statistics of a) total species richness and b) TSR within

the plant communities within the Ballnluig dataset.
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small area of the point bar, the patch is also generally composed of relatively

few species. This community also shows the highest variance in species

richness indicated by the standard error bar.

When accounting for sample area, the species richness for each community

shows a markedly different pattern. The MG5b habitat is the most diverse,

shown in Figure 4.4b. The WIld and W7 communities show little variation in

species richness portrayed by TSR. High variance is again demonstrated in the

SHpc habitats. A notable difference is the balancing out of the discrepancy

between the species richness of the gravel community to the other habitats,

where the mean number of species in the SHpc community is now similar to

mean species richness in the U4b, W1 1c and W7 vegetation types.

4.3.6aii. Shannon index H' and J

The variation in diversity indices H' and J between the plant communities are

presented in Figure 4.5. Figure 4.5a shows that the Betula woodland Wl 1c is

the most diverse with the highest mean Shannon index value of 2.8. The

variance in species richness within this community is also very low, with a

standard deviation of O. 1. The variation in the Shannon diversity index among

the other communities is negligible, with the exception again of the gravel

habitat, which has a low index value of 2.1 and a relatively high variance of

0.4.
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Shannon index H' and b) equitability index J within the plant communities

within the Ballnluig dataset.

190



The Equitability index summary statistics describing the evenness of the

distribution of the species as a measure of diversity are given in Figure 4.5b.

The gravel habitat SHpc is the most diverse in terms of the evenness of the

species distribution. The patches of vegetation within this habitat however

tend to be composed of very few species with each species having a relatively

high abundance. The U4b and the W7 communities have the lowest evenness

score showing that there is a considerable level of variation in species

abundance within the samples in comparison to the other vegetation types

sampled.

4.3.6aiii. Pedodiversity within the plant communities

Pedodiversity variation within the plant community types is ilustrated in

Figure 4.6a. The figure shows that pedodiversity within the SHpc community

on the point bar holds congruence with the degree of pedological

heterogeneity within the point bar in the Tomdachoile dataset. Values of S

and H'l1ax within the U4b community at Ballinluig show congruence with

peododiversity within this community at Tomdachoile. Values of the Shannon

index H' and J however are lower at Ballinluig within the U4b habitat

suggesting differences in the proportion of the soil types present and that the

soil types are less evenly distributed within this community. The Betula

woodland community at Ballinluig has similar levels ofH' and J revealing that

congruence between species richness and evenness with the WL Id community

at Tomdachoille. The W7 community has slightly lower species richness in
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comparison to the W7a variant at Tomdachoille Island. This vegetation type

however holds similar levels ofH'max, H' and J.

4.3.6aiv. Geodiversity within the plant communities

Figure 4.6b shows that the plant communities within the Ballinluig dataset are

generally specific to a given geomorphic unit in contrast to the Tomdachoile

data. However it is only the plant communities present at Tomdachoile and

absent within the Ballinluig dataset that show greater geomorphic diversity

otherwise that similar vegetation types within both datasets occur on only one

landform type. The W7 community is the only vegetation type to span more

than one landform type. The extent of this community is evenly distributed

between the two landforms indicated by the value of J being 1.0.

4.3.6b. Data grouped by soillsubstrate group

4.3.6bi. Biodiversity within the soil groups

Figure 4.7a shows that there is low biodiversity present within substrate class

1 within the Ballinluig dataset in contrast to Tomdachoile where seven plant

communities were present on this substrate type. Again this is a result of the

complex spatial patterning being less pronounced within the Ballinluig dataset

in contrast to Tomdachoile. Overall plant community diversity within the

soil/substrate groups is lower within the Ballinluig dataset in contrast to
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Tomdachoile. This suggests that the spatial patterning of plant communities

holds similarities to the spatial organisation of the substrate types.

4.3.6bii. Geodiversity within the soil groups

Figure 4.7b shows that geodiversity within the soil groups is relatively low in

comparison to Tomdachoile analysis in Figure 3.9b. However, this is possibly

due to fewer landforms being present within the Ballinluig dataset. The

diversity indices H'max, H' and J are lower than at Tomdachoile suggesting an

uneven distribution of the substrate types between the landform classes.

4.3.6c. Data grouped by landform

4.3.6ci Biodiversity within the landform classes

Figure 4.8a shows that biodiversity is relatively low within the backwater in

contrast to diversity levels at Tomdachoile (Figure 3.1 Oa). Fewer plant

communities are present and H'max and H' are also lower are the plant

communities have a less even distribution within the landform in comparison

to Tomdachoile. Biodiversity within the abandoned channel and point bar

landforms is also considerably lower in comparison to Tomdachoille. Within

the Ballinluig dataset the plant communities are distributed within a single

landform type in contrast to Tomdachoile where some vegetation types are

found on more than one geomorphic unit. This is in agreement with the results

in Figure 4.6b suggesting that plant communities at Ballinluig are organised
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more in congruence with the geomorphic units of the landscape. The

floodplain landform has fewer plant communities in comparison to

Tomdachoile, but is stil the most floristically diverse landform present within

the Ballinluig data. Values of H'max and H' are slightly lower than at

Tomdachoille but J is higher indicating that the vegetation types at Ballinluig

are more evenly distributed within the landform than at Tomdachoile.

4.3.6cii. Pedodiversity within the landform classes

Figure 4.8b shows that the backwater landform at Ballinluig is pedologically

more diverse than at Tomdachoile (Figure 3.1 Ob) with four different substrate

groups present. This substrate heterogeneity provides a range of different

niches for species to colonise, however, the results in Figure 4.8a show that

biodiversity is lower within the backwater at Ballinluig. Pedological diversity

within the abandoned channel and point bar within the Ballinluig dataset are

less diverse in contrast to Tomdachoille. Considerably fewer substrate types

are present and H'max, H' and J also have a lower score. Pedorichness within

the floodplain zones at Ballinluig is equal to Tomdachoile and similar levels

of the other three diversity indices are also observed between the two data sets

for the floodplain landforms.
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4.3.6d. Diversity variation perpendicular and parallel to the main channel

4.3.6di. Habitat diversity

The results in Table 4.6 show variations in floristic diversity between quadrats

parallel and perpendicular to the main channel within each plant community

type. The overall trend shows diversity to be greatest in the perpendicular

orientation to the main channel within the plant communities. This is in

agreement with the findings in Chapter 3 where biodiversity was shown to be

greatest along this orientation to the river. The exception to this trend is within

the W7 community where diversity is higher parallel to the channeL. This may

be a result of this transect being less frequently inundated due to the higher

elevations thus allowing plant succession to progress more rapidly than in the

lower lying and frequently inundated zones. Values for S, H'max and H' tend to

vary within each community along the two orientations to the channeL. Despite

this, the evenness of the distribution of diversity parallel and perpendicular to

the channel are equal with the exception in the W7 community where diversity

scores lower on the equitability index perpendicular to the channeL. Diversity

is possibly higher along the perpendicular axis due to a lower inundation

frequency and greater shelter from disturbance.
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Table 4.6: Biodiversity parallel and perpendicular to the main channel within

the a) Wllc b) U4b c) MG5b d) W7 and e) SHpc community. N = number of

observations; S = species richness; H'max = maximum negentropy; H' =

Shannon index; J = equitability index.

a)

Mean
N S H'max H' J

Parallel 4 34.5 3.5 2.7 0.8
St. dev - 2.6 0.1 0.0 0.0
Perpendicular 6 37.3 3.6 2.8 0.8
St. dev - 4.3 0.1 0.1 0.0
b)

Mean
N S H'max H' J

Parallel 5 28.8 3.4 2.5 0.7
St. dev - 2.9 0.1 0.1 0.0
Perpendicular 5 29.0 3.4 2.4 0.7
St. dev - 5.1 0.2 0.1 0.1
c)

Mean
N S H'max H' J

Parallel 6 28.8 3.3 2.6 0.8
St. dev - 4.8 0.2 0.2 0.1
Perpendicular 4 29.0 3.4 2.6 0.8
St. dev - 3.6 0.1 0.2 15.3
d)

Mean
N S H'max H' J

Parallel 5 32.2 3.5 2.6 0.8
St. dev - 3.4 0.1 0.1 0.0
Perpendicular 5 30.2 3.4 2.4 0.7
St. dev - 3.0 0.1 0.1 0.0
e)

Mean
N S H'max H' J

Parallel 6 14.0 2.6 2.0 0.8
St. dev - 6.7 0.4 0.2 0.1
Perpendicular 4 19.3 2.9 2.4 0.8
St. dev - 9.3 0.4 0.6 0.1
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4.3.6dii. JJedodiversi(Y

The result of pedodiversity variation along transects parallel and perpendicular

to the river within the vegetation types is presented in Table 4.7. Pedodiversity

is greater in the parallel orientation to the river within the Wllc and SHpc

communities. The variation in substrate type along this orientation within the

point bar community may be a result of the sorting of sediments by the river

during high flows creating this longitudinal pattern along the point bar. The

Wl1c community has developed on a former point bar and is a longitudinal

feature adjacent to the channeL. Therefore this sorting of sediments creating

longitudinal variation in substrate type may be inherited from past processes.

The pedological variation within the landforms may also be an influential

factor in the spatial pattern of vegetation types. Pedodiversity is higher in the

perpendicular orientation within the MG5b and W7 communities. Table 4.7c

shows that H' and J are slightly higher in the perpendicular axis within the

MG5b community showing a more even coverage of the substrate groups in

contrast to the parallel directions. This is a result of fewer substrate types

being present perpendicular to the river within this community. Pedodiversity

is considerably higher in the perpendicular orientation within the W7

community. This is due to greater richness of substrate types being present

therefore a higher H' score is derived. In terms of equitability however, there

is no difference between the two orientations. Thus overall pedodiversity is

greater perpendicular to the river within this community. Table 4.7b shows

that pedodiversity is equal in both orientations to the channel within U4b

vegetation type.
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Table 4.7: Pedodiversity parallel and perpendicular to the main channel within

the a) WL 1c b) U4b c) MG5b d) W7 and e) SHpc community. N = number of

observations; S = species richness (number of soil types); H'max = maximum

negentropy; H' = Shannon index; J = equitability index.

a)

N S H'max H' J
Parallel 4 2 0.7 0.6 0.8
Perpendicular 6 2 0.7 0.5 0.7
b)

N S Hlmax HI J
Parallel 5 2 0.7 0.5 0.7
Perpendicular 5 2 0.7 0.5 0.7
c)

N S Hlmax HI J
Parallel 6 2 0.7 0.5 0.7
Perpendicular 4 2 0.7 0.6 0.8
d)

N S H'max H' J
Parallel 5 2 0.7 0.7 1.0
Perpendicular 5 4 1.4 1.3 1.0
e)

N S Hlmax HI J
Parallel 6 2 0.7 0.6 1.0
Perpendicular 4 1 0.0 0.0 0.0

4.3.6diii. Geodiversity

As sampling was undertaken within the discrete vegetation types identified by

NVC Phase 1 mapping and the plant communities being unique to a given

landform type, it is not possible to analyse geomorphic diversity along the

transect sampled.
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4.3.7. Species unique to landform units and vegetation types

The number of species unique to each landform type was assessed from the

dataset. The results of the analysis are presented in Table 4.8 and the data is

presented in Appendix 13. The results in Table 4.8a reveal that a high number

of species are unique to one landform unit. This again emphasises the

importance of a suite of landform types within fluvial environments for

maintaining species richness and diversity. This is also ilustrated in Table

4.8c where locally rare species are present in all land unit classes. A decline in

the number of species common to the land unit classes is observed with an

increase in the number of land unit types with few species being common to

all land unit types. Table 4.8b shows the break down of which landforms these

species are unique to. Those unique to just one landform class are

predominantly within the floodplain zones. This is probably a result of higher

species richness within this landform and also as a result of a longer history of

development. The landforms that are typically inundated frequently have the

next highest number of unique species. There is little difference in the number

of species unique to two landform classes between the landform types.
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Table 4.8: Count of species unique to the landforn1 classes. Showing a) the

number of species encountered in all landform classes through to the number

of species unique to one landfonn class; b) the number of species unique to

only one or two landform classes and c) the count of the number of rare

species nationally, locally and the total number of species occurring within

each landform class within the Ballinluig dataset.

a)

58 species found only in one landform

43 species found only in two landforms

34 species found in three landforms

13 species found in four landforms

b)

Landform One Two
landform landforms

Backwater 9 25
Abandoned channel 3 19
Point bar 9 19
Floodplain 37 23
c)

Landform Nationally Locally rare Locally Total number
rare very rare of species

Backwater 0 1 0 79
Abandoned channel 0 1 0 58
Point bar 0 2 1 54
Floodplain 3 2 2 107

The data was further analysed to examine the number of species unique to

each vegetation type present within the dataset. The results of the analysis are

presented in Table 4.9 and Appendix l3b. Table 4.9a shows that a high

number of species are unique to one or two plant community types. Relatively

few species are common to five of the vegetation types and no species are

common to all six plant communities. Table 4.9b shows the ecological

importance of carr woodland communities where the W7 vegetation type has

the highest number of unique species present. It is also worth noting from the
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Table 4.9: Count of species unique to the plant community types. Showing a)

the number of species encountered in all plant communities through to the

number of species unique to one plant community; b) the number of species

unique to only one or two plant communities and c) the count of the number of

rare species nationally, locally and the total number of species occurrng

within each plant community within the Ballinluig dataset.

a)

40 species found in only one plant community

44 species found in only two plant communities

31 species found in only three plant communities

23 species found in four plant communities

10 species found in five plant communities

o species found in all six plant communities

b)

Plant One plant Two plant
community community communities

SHpc 8 9
MG5b 3 17
U4b 2 14
Wllc 9 20
W7 17 15
M23 3 11
c)

Plant Nationally Locally rare Locally very Total number
community rare rare of species

SHpc 0 2 1 54
MG5b 2 1 2 55
U4b 1 1 1 65
W1lc 0 2 0 81
W7 0 1 0 72
M23 0 1 0 36

table that the gravel bar is also important for providing a habitat for unique

species and therefore plays an important role in enhancing species richness

within the river cOlTidor. The highest numbers of species unique to two plant

communities are within the W7 and Wllc groups. This is a result of

considerable overlap between these two woodland communities which have
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species common to each other due to the community structure. Likewise an

overlap occurs between the grassland communities MG5b and U4b and the

gravel community SHpc and the adjacent M23 vegetation type. Table 4.9c

shows that nationally rare species are present within the herb rich grassland

communities. This is possibly due to semi-natural grassland being relatively

rare within the UK context due to land management practices. Locally rare

species are present in all of the vegetation types within the dataset. The

ecological value of semi-natural grassland is further supported by the presence

of locally very rare species within these communities. Table 4.9c also shows

that species richness also increases along a gradient from inundated fen

community to gravel bar to grassland, wet woodland and finally the highest

species richness within the mature Betula woodland.

4.3.8. Relationships between variables- correlation and regression

4.3.8i. Correlation

The results of the correlation analysis between environmental variables and

indices within the Ballinluig dataset are presented in Table 4.10. Numerous

significant correlations were found between the variables when addressing the

hypotheses that species diversity and vegetation composition are related to

geomorphic and pedological properties, and in addition, pedological variation

is related to geomorphic units. Table 4.1 Oa shows that plant community type is

positively correlated with elevation suggesting that geomorphic heterogeneity

does influence plant community development and composition. Elevation also
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holds a strong positive correlation with landform type indicating that the

structural mosaic of the geomorphic units is relative to height. Plant

community type is related to the species diversity of the communities

indicated by the correlation between plant community with H'max, Sand TSR.

This relationship indicates that species diversity is greatest in the more mature

plant communities and lowest in the gravel habitats. TSR also increases with

elevation. The correlation between H' and landform suggests that species

diversity is related to geomorphic heterogeneity within fluvial environments.

The direction of this relationship shows that species diversity increases along a

gradient of reduced frequency inundation. In terms of plant community

structure, tree cover is again negatively correlated with landform and elevation

showing that tree cover is more dense within the lower lying zones of the

study area. This is in agreement with the baseline study and findings by other

authors such as Baker (1990) and Van Splunder (1998). Tree cover holds a

positive relationship with diversity indices showing that the presence of trees

increases diversity levels locally. This is due to either the diverse array of flora

wet woodlands support or due to the high diversity associated with mature

stands which are present within areas of the floodplain. Tall herb cover and

moss cover hold a positive relationship with diversity indices. This emphasises

the importance of moss colonisation in promoting vegetation colonisation

within the gravel bars.

The results in Table 4.1 Ob show that plant community type is related to the

soil properties where mature plant communities tend to occur on the more

developed soil profies. Soil properties are correlated with landform type
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revealing that these two landscape features are related. Soil development is

greater within the landforms that are less frequently inundated. Flofistic

characteristics in terms of diversity and vegetation structure are strongly

correlated to soil properties. The floristic characteristics tend to increase with

greater pedological development of the soil and substrate properties. The

results of the correlation analysis between environmental variables and indices

within the Ballinluig dataset has proven that floristic diversity and vegetation

structure is related to elevation and geomorphic heterogeneity and

soil/substrate properties. In addition, soil/substrate characteristics are also

related to geomorphic land unit type.

Few significant correlations were found within the backwater landform, shown

in Table 4.11. Species diversity indices are correlated with plant community

type and vegetation structure. These floristic characteristics are also related to

elevation showing the influence of the frequency of inundation and age of

development on plant community structure. Table 4.11 b shows that substrate

size becomes finer with an increase in elevation indicated by the negative

relationship with MAXDOM and a positive relationship with particle size

range suggesting the presence of finer particles within the substrate mix.

Species diversity holds a positive correlation with particle size heterogeneity,

probably as a result of finer substrates being present within the matrix. Species

structure is also correlated with soil properties where tall herb cover increases

with greater soil depth and higher pH. Herb cover holds a negative

relationship with OMC, possibly due to more frequent inundation which slows

down the rate of decomposition of organic matter under anaerobic conditions.
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Table 4.12 shows the significant correlations within the abandoned channel on

Ballinluig Island SSSI. The analysis yielded very few significant results

between environmental properties and indices. Overall the results show that

species diversity measured by the Shannon index increases with an increase in

the herb layer cover within this landform. Diversity also tends to increase with

a fining of the substrate matrix, indicated in Table 4.12b. However, tree cover

tends to decrease with a fining of substrate size indicated by its relationship

with the MINDOM particle size index.

Table 4.13 shows the results of correlation analysis within the point bar

landform opposite Tomdachoille Island SSSI. Again few significant

correlations were derived between species diversity indices, vegetation

structure and geomorphic variables. Diversity indices are positively correlated

with each other as can be expected. Herb cover holds a negative relationship

with the equitability index suggesting that species richness increases with an

increase in herb cover, however the species present then hold an uneven

distribution with one or a few species holding dominance within a more

heterogeneous species pattern.

Table 4.13b shows the importance of sand drapes on gravel habitats for

increasing species richness locally due to the positive correlation between H',

H'max, S, and TSR with sand drapes. The equitability index holds a positive

correlation with the proportion of unvegetated gravel, which supports the

negative relationship between J and herb cover. This is because where there is

a high level of unvegetated gravel, substrate size tends to be coarser and fewer
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species have colonised. The pioneer species to colonise these harsh

environmental conditions tend to occupy more equal coverage, thus leadii:g to

an increase in the equitability index. The coarseness of the unvegetated gravel

is indicated by the negative relationship between moss cover and unvegetated

gravel. Bryophytes also typically colonise zones that have a degree of

stability, as they tend to be intolerant of disturbance. Species diversity indices

tend to increase with an increase in substrate fineness indicated by the positive

correlation between the indices and MINDOM. Moss cover also increases

with substrate fining suggested by the relationship with the mean particle size

index. Herb cover tends to decrease with an increase in the range of particle

size classes.

Several significant correlations are found within the floodplain, shown in

Table 4.14. Plant community type is related to elevation and vegetation

structure. Plant community type also influence species richness indicated by

TSR, highlighting the importance of a mosaic of habitat types to promote

species richness. The floodplain vegetation types range from grassland to

mature woodland communities. The extent of tree cover is positively

correlated with species richness showing that species diversity is greater

within the more mature vegetation types with a more complex structure.

Table 4.1 4b reveals that soil properties are correlated with elevation,

vegetation type, species diversity and community structure. Soil depth is

shown to hold a negative relationship with elevation within the floodplain.

This is a result ofthe of the newly developing floodplain zone being of higher
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elevation than the mature zones of the floodplain. This area was a zone of

unvegetated gravel during the 1940s. Possibly as a result of a relatively large

scale flood with extensive gravel deposition occurring in this zone raising the

height, it has now developed a bank face and is being incorporated into the

floodplain and is no longer a point bar feature. Due to only approximately 50

years of isolation from annual inundation, only immature shallow soil profies

have developed. The negative relationship between soil depth, MINDOM and

plant community type suggest that the more mature vegetation communities

occur on the deeper soil profies with a finer substrate mix. Species diversity

and community structure complexity is also positively related to deeper soil

profiles with finer substrate size.

4.3.8ii. Regression

The regression equations derived in Chapter 3 for the whole data set failed to

accurately predict the actual values recorded within the Ballinluig data set. All

regression equations tested had a t-statistic greater than the critical value,

therefore indicating that the null hypothesis that paired values are equal should

be rejected. In all cases there was evidence to reject the null hypothesis at the

95% significance level as all returned p-values were 0.000. Actual-v-predicted

values were plotted to examine where the models were failing. These graphs

are ilustrated in Figure 4.9. Figure 4.9 suggests that the regression model for

predicting the Shannon index of diversity has the potential to accurately

determine the value within the Wllc, W7 and U4b communities on Ballinluig

Island. These samples were tested separately for similarity using the paired
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Figure 4.9: Predicted values from regression models plotted against actual values for the dependent
variables H', J and soil/substrate group within the Ballinluig dataset, a) Shannon index (H'), b)
equitabilty index (1) and c) soil substrate type.
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t-test. The results revealed that the model can predict the Shannon index

within the W1 1 c community based on elevation, plant community type,

species richness, herb cover and moss cover with a RZ of 72.1 %; the results of

the analysis are presented in Table 4.15. The paired t-test returned a low t-

statistic which lies between the upper and lower confidence interval and a high

p-value indicating that the values are not significantly different. The graph in

Figure 4.9b shows that the regression model for predicting equitability yields

fairly accurate results within the W1 1 c, W7 and U4b communities. The model

fails in the MG5b and SHpc communities. This is due partly because the

MG5b community is not present within the Tomdachoile dataset from which

the models were derived, and secondly due to the heterogeneity within the

gravel bars. The regression equation for predicting soil/substrate class failed

but only marginally. The graph in Figure 4.9c shows that the regression

equation failed to predict the substrate characteristics within the point bar

landform. However, when testing a sub-set of this data to examine whether the

regression equation has predictive capacity within some of the samples the

results indicated that the null hypothesis that predicted and actual values are

equal should be rejected.

Table 4.15: Paired t-test for the predictive capacity of the regression model for

determining the Shannon index of diversity within the W11c sub-set of data

from the Ballinluig Island database. Critical value = 2.26, 95% significance

leveL.

Paired St dev St. error 95% Confidence t df Sig.
differences mean Interval of the (two-tailed)

difference
Mean Lower Upper

Predicted -9. 1 546E-02 0.2329 7.365E-02 -0.2581 7.505E-02 -1.243 9 0.245
- Actual
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Regression models derived for environmental variables within the landform

types were tested. The results show nine regression models with RZ values

between 65.4-97.7% proved successful at predicting the value of the

dependent variable. The regression model for predicting plant community type

within the backwater failed. Within the abandoned channel on Ballinluig

Island, four regression models proved to have predictive ability. The results of

the paired Hest between predicted and actual values are given in Table 4.16.

The results show that not only species diversity indices of species count and

the Shannon index for richness have been successfully modeled, but also

species assemblage in terms of tree cover and tall herb cover can also be

predicted with confidence within abandoned channels. The regression models

for these dependent variables are very strong with RZ values of 97.7% for

species richness, 80.1% for H', 81.9% for tree cover and 88.1 % for tall herb

cover. Species richness and the Shannon index are predicted based on the

amount of shrub cover within this landform. Tree cover and tall herb cover are

dependent on soil depth.

Within the point bar landform opposite Tomdachoile, two regression models

accurately predicted values of H' and soil/substrate type. The results of the

comparison of the predicted-v-actual results using the paired t-test are given in

Table 4.17. The model for predicting the Shannon index is the strongest with a

RZ of 82.7% and shows that species diversity can be predicted from the

independent variables TSR, herb cover and particle size range with

confidence. Despite the poor predictive capacity of the regression models for

the whole dataset in determining values within the point bar, the regression
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models derived specifically for this landform type have proven to have some

success. The regression models for predicting across the whole dataset failed

as they are predicting across a steep environmental gradient with high

heterogeneity across very short distances. The regression models derived

Table 4.16: Paired t-test for the predictive capacity of the regression model for

determining a) species richness, b) Shannon index, c) tree cover and d) tall

herb cover within the abandoned channel on Ballinluig Island. Critical value =

2.78, 95% significance leveL.

a)
Paired St. dev St. error 95% Confidence t df Sig.

differences mean Interval of the (two-tailed)
difference

Mean Lower Upper
Predicted 2.8700 3.4205 1.5297 -1.3771 7.1171 1.876 4 0.134
- Actual

b)

Paired St. dev St. error 95% Confidence t df Sig.
differences mean Interval of the (two-tailed)

difference
Mean Lower Upper

Predicted 3.828E-03 0.1155 5. 1 64E-02 -0.1396 0.1472 0.074 4 0.944
- Actual

c)

Paired St. dev St. error 95% Confidence t df Sig.
differences mean Interval of the (two-tailed)

difference
Mean Lower Upper

Predicted -2.9200E-02 1.0678 0.4775 -1.3551 1.2967 -0.061 4 0.954
- Actual

d)

Paired St. dev St. error 95% Confidence t df Sig.
differences mean Interval of the (two-tailed)

difference
Mean Lower Upper

Predicted -9.5204 8.6868 3.8849 -20.3065 1.2657 -2.451 4 0.070
-Actual
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Table 4.17: Paired t -test for the predictive capacity of the regression model for

determining a) Shannon index and b) soil/substrate type within the point bar

opposite Tomdachoile Island. Ciitical value = 2.26,95% significance leveL.

a)

Paired St. dev St. error 95% Confidence t df Sig.
differences mean Interval of the (two-

difference tailed)
Mean Lower Upper

Predicted 3.000E-02 9.487E-02 3.000E-02 -3.786E-02 9.786E-02 1.000 9 0.343
- Actual

b)

Paired St. dev St. error 95% Confidence t df Sig.
differences mean Interval of the (two-

difference tailed)
Mean Lower Upper

Predicted 1.0732 1.6075 0.5084 -7.6735E-02 2.2232 2.111 9 0.06.:
- Actual
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Figure 4.10: Predicted values plotted against actual values for the dependent
varable H' within the point bar landform opposite Tomdachoile Island SSSI.
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within the discrete landscape units therefore have a greater probability of

success due to the elimination of a great source of variation induced by

amalgamating the mosaic of landscape units. The graph in Figure 4.10 shows

that the predicted values of H' within the point bar closely match the actual

values calculated from the dataset. Thus species diversity expressed by the

Shannon index can be predicted with confidence based upon three independent

variables with an RZ of 82.7%. Substrate type is predicted using independent

variables of substrate characteristics MEDOM, mean and particle size range

with a RZ of 81.9%.

The results of the paired t-test to examine the ability of the regression models

to predict environmental variables within the floodplain landform on

Ballinluig Island are presented in Table 4.18. The analysis has proven that

plant community type, species richness and soil type can be predicted with

accuracy using the regression models produced from the Tomdachoile dataset

with RZ values of 82.5%, 65.4% and 82.3% respectively. The graph in Figure

4.11 shows that species richness can be predicted with great accuracy despite

the relatively low R Z value. The graph shows that the predicted values closely

mirror actual values within each sample. The regression model has

successfully predicted species richness using information on shrub cover,

OMC and the proportion of fine gravel within the soil matrix. The model has

probably succeeded in accurate prediction due to similar processes operating

along this river in the creation of landform and species assemblages. Although

it has been reported that the spatial organisation and heterogeneity of plant

communities is similar within fluvial environments (Malanson, 1993) this
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regression model may not be able to predict with such accuracy at other

locations due to different local factors coming into play. Plant community type

within the floodplain is predicted by diversity indices species richness, H' and

J along with tree cover, shrub cover and soil depth. Tree cover, MODOM and

the proportion of small cobbles in the soil matrix predict soil type using this

regression modeL. Where the soil type is composed of a coarser substrate mix,

the plant community is typically grassland and woodland communities have

developed on the soil profiles with a finer substrate texture.

4.3.9. ANOVA

One-way ANOV A was carried out on the data to examine whether there was

significant variation between environmental variables between the landform

types. The results of the analysis are presented in Table 4.19 for elevation and

species diversity variables and Table 4.20 for pedological variables.

Bonferroni post hoc tests were carried out on significant results to reveal

where the main source of variation between the landform types lie. The results

of the post hoc tests are presented in Appendix 14. Table 4.19 shows that there

is significant variation between the environmental variables between the

landform types with the exception of the equitability index. This reveals that

there is significant difference in elevation and species diversity properties

within the study area and that these properties vary between the different

geomorphic units. However the consistency between J and the null hypothesis
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Table 4.18: Paired t-test for the predictive capacity of the regression model for

determining a) plant community type, b) species richness and c) soil/substrate

type within the floodplain landform zones on Ballnluig Island. Critical value

= 2.05, 95% significance leveL.

a)

Paired St. dev St. error 95% Confidence t df Sig.
differences mean Interval of the (two-

difference tailed)
Mean Lower Upper

Predicted 0.2500 0.6387 0.1428 -4.8905E-02 1.8489 1.751 29 0.096
- Actual

b)
Paired St. dev St. error 95% Confidence t df Sig.

differences mean Interval of the (two-
difference tailed)

Mean Lower Upper
Predicted -.2969 1.2187 0.2225 -1.7519 0.1582 -1.334 29 0.193
- Actual

c)
Paired St. dev St. error 95% Confidence t df Sig.

differences mean Interval of the (two-
difference tailed)

Mean Lower Upper
Predicted- -5.7621E-02 1.2475 0.2317 -0.5321 0.4169 -0.249 29 0.805

Actual
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Figure 4.11: Predicted values from the regression model plotted against actual
values for the dependent variables species richness (S) within the Ballnluig
dataset.
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that there is no variation between landform types suggests that although

species diversity does differ significantly in terms of richness between

landforms, the evenness of species distribution is similar within and between

landform types. This is indicated by the negligible difference in the mean

square values in Table 4.19c and the low F-statistic which show that there is

little difference between the within group variability and between group

variability. The low F-statistic therefore implies that the data is consistent with

the null hypothesis in the case of species equitability; this is also reinforced by

the high p-value. Table 4.19d shows that the greatest difference between the

landforms are species richness. This is indicated by the large difference

between the between groups and within groups mean square values and the

high F-statistic.

The post hoc tests in Appendix 14a-c show where the main source of variation

lies between the landform types. In terms of elevation, the results show that

the variation lies predominantly between the point bar and the abandoned

channel, and the floodplain with the backwater and abandoned channeL. This is

due to the large contrast in elevation between the floodplain zones and the

low-lying backwater and abandoned channeL. In addition, despite being a bank

feature, the point bar has zones of relatively high elevation as a result of

extensive gravel deposition during a large scale flooding event in 1993 which

has been estimated to be the largest flood on the Tay catchment since 1814

(Gilvear and Winterbottom, 1998). The predominant source of variation

between the Shannon index scores of diversity lie between the point bar
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Table 4.1 9: Results of analysis of variance (ANOV A) of elevation and species

diversity indices between the landform types within the Ballinluig dataset.

a) Elevation (m)

Sum of Squares df Mean Square F Sig.
Between Groups 13.70 3 4.57 11.85 0.000
Within Groups 18.12 47 0.39
Total 31.82 50
b) H'

Sum of Squares df Mean Square F Sig.
Between Groups 1.92 3 0.64 10.62 0.000
Within Groups 2.83 47 0.06
Total 4.75 50
c) J

Sum of Squares df Mean Square F Sig.
Between Groups 0.03 3 0.01 2.62 0.062
Within Groups 0.16 47 0.00
Total 0.19 50
d) S

Sum of Squares df Mean Square F Sig.
Between Groups 1889.15 3 629.72 20.59 0.000
Within Groups 1437.20 47 30.58
Total 3326.35 50

landform with the abandoned channel and floodplain zones. The strongest test

result for species richness is reinforced with the post hoc test where Appendix

l4c shows that the point bar landform is significantly different in terms of

species richness with the other landform types present.

Table 4.20 shows the results of analysis of variance between pedological

properties. All variables proved to be significantly different between the

landform classes with the exception of particle size heterogeneity. This is not a

surprising result however as it is merely a count of the number of particle size
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classes present and gives no indication of variation in the actual substrate

sizes. Very large differences are observed in the mean square values for

between groups and within groups for soil depth, particle size range and

MAXDOM, with the latter having the most pronounced difference and

exceptionally large F-statistic in comparison to the other results. The

significant result for soil/substrate type also indicates that soil profie

development shows marked differences between the landform types within the

study area. This further supports the hypothesis that pedological variation does

occur in relation to the geomorphic structure of the landscape.

Table 4.20: Results of analysis of vanance (ANOV A) of pedological

properties between the landform types within the Ballinluig dataset.

a) Soil depth ( cm)

Sum of Squares df Mean Square F Sig.
Between Groups 18337.88 3 6112.63 6.99 0.001
Within Groups 41074.10 47 873.92
Total 59411.98 50
b) MEAN

Sum of Squares df Mean Square F Sig.
Between Groups 21.97 3 7.32 6.39 0.001
Within Groups 48.14 42 1. 1 5

Total 70.11 45
c) MIND OM

Sum of Squares df Mean Square F Sig.
Between Groups 39.10 3 13.03 4.02 0.013
Within Groups 136.13 42 3.24
Total 175.23 45
d)MAXDOM

Sum of Squares df Mean Square F Sig.
Between Groups 257643.09 3 85881.03 96.45 0.000
Within Groups 37395.86 42 890.38
Total 295038.96 45
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e)MEDOM

Sum of Squares df Mean Square F Sig.
Between Groups 18.76 3 6.25 5.04 0.005
Within Groups 52.11 42 1.24
Total 70.87 45

f)MODOM

Sum of Squares df Mean Square F Sig.
Between Groups 256.59 3 85.53 44.69 0.000
Within Groups 80.39 42 1.91
Total 336.98 45

g) Range

Sum of Squares df Mean Square F Sig.
Between Groups 168179.31 3 56059.77 27.12 0.000
Within Groups 95099.73 46 2067.39
Total 263279.05 49
h) Heterogeneity

Sum of Squares df Mean Square F Sig.
Between Groups 43.02 3 14.34 1.44 0.243
Within Groups 457.30 46 9.94
Total 500.32 49
g) Soil/substrate group

Sum of Squares df Mean Square F Sig.
Between Groups 170.92 3 56.97 44.70 0.000
Within Groups 59.90 47 1.27
Total 230.82 50

The results of the post hoc tests to analyse where the main source of variation

lies between the pedological properties and landform type are presented in

Appendix l4d-k. Variation in soil profie depth lies predominantly between

the point bar landform with limited soil profile development with the

abandoned channel and the floodplain zones. The variation between the point

bar and backwater proved to be insignificant due to both landforms being

composed predominantly of gravel substrate with little or no soil development.

Pedological particle size properties MEAN, MIND 
OM and MED OM vary
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significantly between the point bar and the floodplain landforms indicating a

contrast between substrate dominated by coarse particle sizes to soil profies

composed of a relatively fine particle size matrix. Significant variation is

indicated for the properties MAXDOM, MODOM, range and soil/substrate

group between the point bar landform with the backwater, abandoned channel

and floodplain zones.

4.4. Discussion

4.4.1. Spatial patterns of succession within the Ballinluig dataset

The geomorphic and pedological patterning within the study area have given

rise to the development of six distinct plant communities. There is a less

complex mosaic of vegetation types within the Ballinluig dataset as a result of

less dynamic geomorphic activity within these areas in recent years in

comparison to Tomdachoille. The greater stability of the channel results in

fewer landforms being present within the study area and consequently fewer

pedological units and plant communities. Channel change is occurring within

the vicinity of Ballinluig due to lateral erosion of the floodplain and active

deposition on the inside of meander bends. This has lead to accretion of an

area of active deposition during the 1940s and bank profie development thus

leading to the incorporation of the more elevated areas of this feature into the

floodplain. This feature is now fully colonised and only inundated during

large-scale floods where the river exceeds bankfull discharge. More dynamic

geomorphic activity has occurred along this reach in the past identified in
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historical records. These past channel dynamics have created the suite of

landform types present today and there is considerable evidence in the field of

former river channels which are now fully infilled with sediment with mature

plant communities.

As a results of the Ballinluig dataset being composed of fewer vegetation

types, landforms and pedological units, this indicates a lower landscape

diversity due to the landscape components having a lower richness score.

However, the landscape units, in contrast to Tomdachoile, form larger

landscape patches and are therefore arguably more stable. The larger patch

size can also be linked to greater connectivity within the system as opposed to

Tomdachoille where the local landscape is predominantly composed of

numerous patches with small interiors indicative of fragmentation. However

the landscape richness scores high in such scenarios and a landscape

composed of small patches with a relatively large perimeter in contrast to area

means that there is a high proportion of ecotone area which are ecologically

rich habitats (Forman and Godron, 1986). The Ballinluig dataset is composed

of ecologically important habitats with extensive broad-leaved woodland

communities which have high species richness and diversity scores. In

addition, different woodland communities are present relative to elevation.

There is a distinct lack of scrub communities within the Ballinluig dataset

thereby reducing the landscape richness score but increasing the ecological

importance of the landscape. Analysis of the data from both datasets revealed

that scrub communities are associated with a general decline in species

richness. It is the scrub communities at Tomdachoile which also seem to be
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the pnme cause of habitat fragmentation, thus they are not ecologically

favourable for the preservation of landscape diversity along the river valley

floor.

4.4.2. Spatial patterns and relationships between the landscape components

The analysis of species-environmental relationships using CANOCO revealed

that very similar patterns occur between the Ballinluig and Tomdachoile

dataset. The Ballnluig dataset has commonalties with the Tomdachoille

results in that the patterns of species distribution tend to hold strong

correlations with tree cover, the presence of open water within the landforms,

the proportion of unvegetated gravel, elevation and substrate particle size. The

correlations between species and environmental variables are very strong

indicated by the high coeffcient thus giving confidence in the patterns of

species arrangement in relation to environment suggested by the modeL. In

addition, the strength of the relationships are reinforced by the fact that 60.9%

of the variation in species distribution patterns are explained by the

environmental variables included in the model for the first two axes. The

eigenvalues for the first two axes are notably higher than in the Tomdachoille

analysis indicating that the relationships and patterns observed in the model

are stronger within the Ballinluig dataset. This may be a result of there being

less spatial heterogeneity within this study area in contrast to Tomdachoile.

In comparing the ordination diagrams, although the diagram in Figure 4.3 is

rotated at 900 to the diagram in Figure 3.3, very similar patterns of species
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distribution along environmental gradients are observed. Species associated

with grassland communities in both datasets are strongly correlated with areas

of relatively high elevation within the valley floor. Tree cover in contrast

declines along a gradient of increasing elevation. The wet woodland

communities are correlated with dense tree cover located within the low lying

zones within abandoned channels, backwaters and within the depressions on

point bars. These communities are also associated with open water within

these landforms either forming ponds, small streams or backwaters. Species

associated with the gravel habitats are related to unvegetated gravel and coarse

substrate texture in relation to the distribution of other species typical of other

communities. Canonical correspondence analysis has therefore shown that the

spatial organisation of species is related to similar environmental gradients

within both datasets. The key variables explaining the variation are elevation

and pedological properties, notably particle size characteristics. This supports

the hypothesis that the spatial organisation of species and plant communities

along rivers is related to geomorphic heterogeneity and pedological

characteristics.

Canonical correspondence analysis also revealed congruence between the two

datasets in sample heterogeneity measures. The results indicate that the gravel

bar communities have the lowest diversity in terms of heterogeneity due to

low species richness in comparison to the other samples taken from different

landform types. Species rich samples within both datasets are found within the

floodplain zones, most notably within the Betula woodland communities. No

similarities were found between species having a low tolerance to
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environmental heterogeneity between Tomdachoille and Ballinluig datasets.

This suggests that localised factors are influencing the spatial distribution of

sensitive species. However, grassland species A. odoratum and A. elatius show

high species tolerance within both study areas. Other species common within

the different landform and community types within both the Tomdachoile and

Ballinluig datasets are V chamaedrys, V riviniana and R. squarrosus. These

species are insensitive to environmental heterogeneity and are common to

most habitat types within the datasets.

4.4.3. Spatial patterns oflandscape diversity within the Ballinluig dataset

The spatial patterns of diversity within the landscape range from alluvial

deposits with coarse substrate texture and relatively low species richness with

early colonisers through to landforms infrequently inundated with relatively

deep soil profie development, fine substrate texture and species rich

communities. Despite the gravel bars having low species richness relative to

the other landforms, they do host species unique to that landform only and

provide a suitable habitat for locally rare species. The point bar features do

however score highest on the diversity measure of equitability indicating that

colonisation progresses in relatively uniform patches which are more stable

ecologically than patches composed of many species with relatively low

abundance. This is an important strategy for succession development within

the gravel communities.
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Plant community development appears to be related to geomorphic landforms

within the Ballinluig data set as there is no geodiversity within most of the

vegetation types sampled. This is in agreement with the observations made at

Tomdachoille for the same or similar plant community assemblages. This

supports the hypothesis that the geomorphic structure of the landscape is the

underlying template for botanical diversity within fluvial environments.

Furthermore the analysis suggests that the spatial organisation of plant

communities are related to the pattern of pedological heterogeneity, which in

turn is linked to geomorphic patterning. The low number of vegetation types

present within each of the soil/substrate classes indicates this.

Although the results show that the plant communities are unique to one

landform type within the Bal1inluig dataset, the landforms do host more than

one vegetation type. The patterns of plant community richness within the

landforms ranges from low diversity within the lower elevation land units

through to relatively high richness within the more elevated landforms within

the valley floor which are less frequently inundated and only impacted during

large-scale flooding events.

Pedological diversity within the landform units show no distinct pattern with

the results from the Tomdachoile data. This may be a consequence of other

influencing factors related to flow patterns which are important in determining

localised erosion and deposition and sediment sorting. In addition differences

in connectivity and plant community structure between the two datasets will

also effect the patterns of sediment deposition and sorting. Congruence does
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exist between the floodplain landforms at Tomdachoile and Ballinluig

however, where similar levels of soil development and substrate properties are

observed.

Within both the Tomdachoille and Ballinluig datasets, similarity in the

patterns of diversity in the parallel and perpendicular orientations to the

channel are observed. Biodiversity increases along the perpendicular axis

along an aquatic-terrestrial environmental gradient. Pedodiversity shows

distinct variations in both orientations to the main channeL. The patterns of

pedodiversity are possibly related to the processes of deposition and gradual

isolation from frequent inundation. Consequently as a result of channel

avulsion, uneven patterns of pedodiversity are observed if this hypothesis is

true.

The high number of species unique to either one or two landform units further

emphasized the importance of a suite of landforms for maintaining species

richness and diversity. The high number occurring in just one landform class

shows that the preservation of these geomorphic units is vital for the continued

presence of these species locally. In addition the maintenance of a flooding

regime and or a shifting mosaic of landforms is also essential in order to reset

successional stages so that a mosaic of plant communities at all successional

stages are present within the valley floor. The occurrence of locally rare

species within each of the landforms also reinforces their ecological

importance in contributing to landscape diversity. The number of unique

species declines dramatically with an increase in the number of landforms
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indicating considerable floristic differences between the community types

present. This pattern is further supported by the high number of species unique

to one or two land units and decreasing to relatively few species being

common to an increasing number of vegetation types. The backwater and

abandoned channel have relatively few species unique to them in contrast to

the other landforms present. However, the analysis has shown that the carr

woodland within these two land units has the highest number of species

unique to that community type in contrast to the other vegetation assemblages.

Locally rare species are present in all community types further emphasizing

their ecological importance.

The findings of the correlation analysis show agreement with the results at

Tomdachoile where species diversity and vegetation structure are related to

geomorphic and pedological variables. These results thus further support the

hypothesis that plant communities and diversity are arranged according to the

geomorphic units within the landscape and the pedological variation within

them. Species diversity is also significantly correlated with plant community

type providing further statistical evidence that a suite of landforms, soil types

and plant communities play a crucial role in determining the landscape

diversity value of alluvial valley floors. The correlations suggest that species

diversity increases along a gradient of reduced frequency of inundation and

substrate fining, which supports the findings of canonical correspondence

analysis. Despite species diversity tending to be greater in the more elevated

areas of the valley floor, tree cover is also important in increasing species

richness and dense tree cover is typical of the low lying land units. This
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supports the ecological importance of carr woodland communities as they

increase species richness locally within the frequently inundated zones.

Species richness is possibly higher within the carr woodland communities due

to firstly the addition of tree species to the species count, and dense tree cover

will slow the velocity of flood waters thus encouraging sediment deposition.

Finer substrate sizes are typical within the carr communities which provide a

more suitable niche for species colonisation in contrast to the coarse substrate

on the gravel bars. The finer matrix will also increase moisture retention

capacity and tree cover will provide shelter from the harsh environmental

conditions on the exposed gravel. The canopy will have the effect of reducing

diurnal temperature fluctuations whereas extreme temperature variation can be

experienced on the exposed gravel. The canopy wil also increase organic

matter content locally as a result of greater leaf litter input into the ecological

functioning of the habitat.

Correlation analysis within the landform types revealed that particle size

characteristics were the predominant environmental variable to which species

diversity and plant community type and structure are related to. Substrate size

is possibly very influential due to finer substrates having a greater moisture

retention capacity and provides stronger anchorage for rooting systems than

the coarser substrate classes.

Although correlation analysis revealed species richness to increase with tree

cover within landforms such as the floodplain zones, the mosaic of plant

community types is important for maintaining the overall landscape diversity
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rather than having woodland dominate the landscape. A mosaic of different

habitat patches within the floodplain increases overall species richness as the

species composition of the communities varies greatly. This is illustrated in

the analysis of the species unique to different landform and community types

in Table 4.8 and 4.9 and Appendix 13. Although the woodland communities

have a higher species richness than the other plant communities present within

the study areas, the grassland communities have a very rich herb layer with

rare species and are of floristic and aesthetic value. The woodland field layers

in contrast are dominated by graminae species with a less diverse range of

dicotyledons.

The testing of the regression models derived from the baseline survey proved

to be ineffective for predicting environmental variables across the landscape.

However, regression models produced within the discrete land units proved to

have the capability of prediction with a high level of accuracy. The models

produced from the whole baseline dataset were incapable of prediction due to

the high degree of spatial heterogeneity within the valley floor. Examination

of where the models failed revealed that the models were incapable of

incorporating the spatial heterogeneity introduced by the point bar landforms.

This suggests great environmental heterogeneity within these landform

features which are controlled by factors which were not measured during this

study. Channel dynamics and flow patterns during high flows wil be a major

influence of the spatial patterns of heterogeneity within point bars. These

factors will influence the substrate sorting which consequently influence

patterns of colonisation due to substrate size and heterogeneity being

237



important factors in determining the spatial patterns of colonisation within

fluvial environments (Nilsson et al., 1991; Ward and Stanford, 1983). The

regression models produced to predicted species diversity, plant community

assemblage and substrate type within the distinct landforms provided very

accurate predicted values which were proven to not differ significantly from

the actual values measured in the field.

The analysis of vanance further added support for the hypothesis that

landscape diversity is organised in accordance with the geomorphic patterning

in the landscape due to the significant differences in species diversity indices

and pedological variables between the land units and with little internal

variation of a given property. Species richness varies most notably between

the land units. This can be tied in with the analysis showing that a high

number of species are unique to a single geomorphic unit. In terms of

pedodiversity, the spatial pattern of soil/substrate characteristics varies

predominantly according to soil profie depth and particle size characteristics.

4.5. Summary

This validation study revealed that similar patterns of spatial organisation of

the landscape components observed within the baseline survey were repeated.

The analysis has suggested that geomorphic heterogeneity is the prime control

in determining the richness of pedological and botanical variables. Various

statistical analyses have provided strong evidence to support the hypotheses

proposed. The results have revealed that a considerable degree of congruence

238



exists between the spatial organisation of landforms, soil types and plant

communities between Tomdachoille and Ballinluig datasets.

Regression analysis within the discrete land units proved to be highly

successfuL. This demonstrates that despite the complexity of the processes

operating within this dynamic river system, environmental heterogeneity can

be modeled provided the baseline survey is of adequate intensity incorporating

a large range of local variation. In addition validation studies can also be

carried out on other river systems to test the robustness of the models. By

developing and improving predictive models wil lead to a better

understanding of fluvial processes and enable more sustainable ecological

management of riverine ecosystems. The development of widely applicable

strong predictive models will also lead to the need for less intensive and time

consuming field studies thus enabling rapid appraisal of landscape diversity

within fluvial environments.
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Chapter 5: Temporal analysis of landscape patterns.

5.1. Introduction

To date the data presented in this thesis has covered spatial patterns of

diversity within specific study areas of the River Tummel. The analysis has

shown that complex patterns of spatial heterogeneity occur as a result of

channel change. Therefore with resource material available, temporal change

in the patterns of diversity can be assessed and, using indices for describing

landscape diversity, it should be possible to show how the number and spatial

arrangement of patches and land cover types vary through time. The chapter

presents an integrated landscape ecology approach to assessing temporal

landscape diversity change via the combination of a variety of diversity

measures. The results can be presented in conjunction with knowledge of

species richness and distribution within the different land cover types in order

to derive a more informed review of the significance of landscape pattern

change. From this analysis it will be possible to decipher the potential loss or

gain of species as a result of landscape pattern change.

5.2. Methodology

5.2.1. Digitising aerial photographs

Analysis was carried out over a 131.4 ha area of the River Tummel. The

floodplain was defined as land either side of the river channel with no active
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flood protection embankments up to the railway embankment and the valley

walls. In addition the study area was determined by having comparable

records for the study years. Patch boundaries were defined and mapped by

aerial photograph interpretation and field verification. Vegetation and

geomorphic landform patch boundaries identified on the aerial photographs

were digitised in ArcInfo for the years 1946, 1968, 1971, 1988 and 1994.

Ordnance survey 1: 10 000 map sheets NN95SE and NN95NE were digitised

into ArcInfo. The features digitised included all landscape patches of the river

and floodplain zones, buildings, field boundaries and road intersections. The

OS vector maps were registered to 'real world' co-ordinates derived from the

OS maps and the two maps were appended. Ten tic marks were plotted on the

aerial photograph vector maps at the corner of static features for

geocorrection. The tic points were allocated widely across the vector map to

ensure greater accuracy of the geocorrection. Tic marks were plotted in the

same positions on the digitised OS maps. The tics were edited in order for tic

identity to correspond on the OS and aerial photograph maps using the

UPDATE command in the TRANSFORM routine. Aerial photograph vector

maps were geocorrected to the OS vector maps. The geocorrected maps of the

aerial photographs were appended to produce one map of the study area for

each year of analysis. 'Dangling node' errors were corrected in order to

convert the arcs into polygon features. The arcs were 'cleaned' to produce a

polygon coverage.
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5.2.2. Classification and analysis of polygon coverages

The coverages were exported into Arc View for classification and analysis.

The coverages were classified according to land cover type. The attribute

tables for each classified image containing information on land use type, area

and perimeter of each patch were exported as dBASE fies into Excel for

analysis.

Aerial photography for 1971 was only available for the Tomdachoile reach of

the River Tummel. Hence equivalent areas on the coverages from the other

years were isolated for analysis by splitting the polygons giving a study area

of 54.5ha. This was done as visual comparison of the photographs from 1968

and 1971 showed considerable variation in the floodplain landscape patterns.

The indices were calculated for all years within this reach and compared. The

split polygons from 1946, 1968, 1988 and 1994 were re-merged using the

union feature routine in Arc View and the analysis was repeated over the full

study area. The following indices of diversity were calculated for the classified

coverages.

1. S = richness (number ofland cover types)

2. N = number of patches in each land cover type

3. Total N = total number of landscape patches in the study area

4. A = mean area of patches

5. Pi = proportion of each land cover type

6. H' = Shannon index
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7. J = evenness

8. D = dominance

9. Reciprocal of Simpson's index (1/S)

10. SI and S2 = mean shape index

1 1. C = change

The first ten indices relate to pattern and the latter measures change in the area

of each land cover class with time. The Shannon index is calculated using the

following equation:

s

H'= - ¿pi*lnpi
i;)

where:

Pi = the proportion of the landscape unit i (ha) contributing to the total area

S = number of landscape units present

In = natural logarithm

Large values of H' indicate a diverse landscape with high patch richness. The

Shannon index accounts for the evenness of the distribution of patches by the

equitability index (J) which is calculated by:

Equitability (evenness) J = H'
H'max

s

- ¿pi*lnpi
H=

Ins

where:

Pi = the proportion of the landscape unit i (ha) contributing to the total area
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S = number of landscape units present

In = natural logarithm

Values of J close to one indicate that landscape patches occupy an even area,

indicating a higher diversity based upon evenness. The dominance index

describes the composition of the landscape patches A low value indicates that

the landscape is composed of patches which occupy equal areas, and a high

value suggests that the landscape is dominated by a few land cover classes

within a complex matrix of smaller patches. It is calculated from the formula:

D = In(S) -H'

(Marston et al., 1995).

The reciprocal of Simpson's index is a measure of the likelihood of selecting

two patches of the same land cover type within the study area when

undertaking random sampling. The index shows a decrease in landscape

diversity with an increase in the index value. It is calculated using the

equation:

l/S= l/Ip/

(Marston et al., 1995).

Two shape indices were calculated for the analysis. The first shape index is a

measure of the mean perimeter-to-area ratio of each land cover type. A low

value for SI indicates that the landscape is composed of few patches with
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large interiors. The S2 shape index measures the deviation of a patch from an

isodiametric shape (circle or square). The closer the value is to 1.00 the more

isodiametric the shape is. The indices are calculated using the following

equations:

SI = UNa * I (l/a¡)

and

S2 = UNa * I (l/(2,)a¡n))

where:

Na = number of patches of land cover i in map I

l¡ = perimeter of each patch in land cover i

a¡ = area of each patch in land cover i.

The rate of change in the total area of each land cover type through time was

measured using the following index:

c = ((Pk2 - Pkl)/(t2 - tl))/n

where:

(Pk2 - Pkl) = the difference in area (ha) ofland cover k

(t2 - t1) = the difference in years between the maps being compared

n = total surface area of the study reach (km2)

(Hulshoff, 1995)

Patterns of species diversity were also mapped on the 1994 image using

quantitative data collected on species richness along the reach. The temporal
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variation in channel planform was examined with the use of maps and aerial

photographs. In addition earlier work on channel change on the River Tummel

by Winterbottom (1995) was available for consultation. Maps from 1867,

1900, and 1989 were compared for changes in physical diversity. The

following information was derived from the maps and aerial photography:

1. Planform

2. Number of un vegetated mid-channel bars

3. Number of vegetated mid-channel bars

4. Number of mature islands

5. Number of point bars

6. Number oflateral bars

7. Number of backwaters 

8. Number of cut-off channels

The data derived was compared to ilustrate the patterns of change in the

physical characteristics of the river and bank features. Finally an overall

measure of landscape diversity was calculated by taking the average diversity

results for number of land cover types, total number of patches, H', 1', D and

reciprocal of Simpson' s index.
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5.3. Results

5.3.1. Temporal change in landscape patterns within the Tomdachoile reach

The classified images of the Tomdachoille reach of the River Tummel are

presented in Figure 5.1. Figure 5.2a shows the temporal variation in the

number of the land cover types and total number of patches present within the

reach.

5.3.1 a. 1946 coverage

Figure 5.1 a shows that the river occupied one main channel in 1946. Figure

5.2a shows that this coverage has the lowest number of land cover classes

present for the years analysed. Figure 5.1a shows that semi-natural herb-rich

grassland and pasture with areas of unvegetated gravel along the whole reach

dominate the landscape. Overall the reach is characterised by ecologically

important habitat types with cut-off channels, patches of carr woodland and a

relatively large area of Betula woodland. Species poor habitats such as scrub

and pasture are present, however scrub covers only a small fraction of the

area. The results for the mean area of each land cover type are given in Figure

5.2b and Appendix 15.1. Pasture covers the largest area, however herb-rich

grassland and Betula woodland cover a considerable area of the floodplain.
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Figure 5.2: Temporal variation in the number of land cover types and total number
of patches (a) and change in the mean area of the land cover types (b) within the
Tomdachoile reach of the River Tummel between 1946-1994.
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5.3.1 b. 1968 coverage

Figure 5.1 b shows the classified coverage for 1968. Figure 5.2a shows that

there is an increase in both the number of land cover types and the total

number of landscape patches within the study reach. The river now occupies

two main channels. It can be seen from aerial photograph examination (given

in Plate 1.1) that the new channel has been cut along the course of an ancient

abandoned channel within the floodplain. This has caused the creation of a

mature island within the channel adding to the complexity of the landscape

pattern. Areas of unvegetated gravel are extensive within the reach. The area

of herb-rich grassland has decreased ilustrated in Figure 5.2b. This is due to

the conversion of herb-rich grassland to pasture Scrub cover has almost

doubled since 1946 and S. scoparius scrub has increased ten-fold. The extent

of Betula woodland has increased and vegetated mid-channel bars are present.

5.3.1c. 1971 coverage

Figure 5.lc shows the classified coverage for 1971. Figure 5.2a shows that

there is a slight decline in the number of land cover types but the total number

landscape patches present has doubled. The river stil occupies two main

channels. Unvegetated gravel remains extensive and mid-channel bars are

present. Figure 5.2b shows that there has been a decline in the mean area of

several land cover types within the three-year period. There has been a loss of

ecologically valuable habitats, Betula woodland, herb-rich grassland and
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unvegetated- and partially colonised-gravel. The extent of scrub and S.

scoparius scrub has also declined within this period.

5.3.1d. 1988 coverage

Figure 5.ld shows the classified coverage for 1988. Figure 5.2a shows a slight

increase in the, number of land cover types but the total number of landscape

patches present is reduced by almost a half. The increase in the number of land

cover classes sees the introduction of backwaters and a new habitat developing

on the abandoned point bar. The river occupies one main channel; the main

channel in the 1946 coverage is now a large cut-off channel blocked by an

alluvial plug at both the upstream and downstream ends. Extensive carr

woodland has colonised along the former channeL. Figure 5.2b and 15.1 shows

the dramatic increase in the mean area for riparian woodland communities in

comparison to the coverage in other years. The extent of riparian woodland is

at its maximum for the study period. Unvegetated gravel is extensive in

coverage and the mean area has increased considerably since 1971. Betula

woodland, herb-rich grassland and pasture have also increased in extent,

whilst the area of scrub cover has doubled. The area of coarse grassland has

declined.

5.3.1 e. 1994 coverage

Figure 5.1e shows the classified coverage for 1994. This year has the

maximum number of land cover classes and total number of patches, shown in
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Figure 5.2a. There has been a dramatic increase in the total number of

landscape patches during this six-year period. Figure 5.1e shows that the

landscape is now composed of a highly complex mosaic of small landscape

patches within the zone of channel abandonment. This has created high

diversity in terms of richness. The river still occupies one main channel,

however connectivity with the former channel is now restored due to erosion

of the downstream alluvial plug, opening up the former channel as a

backwater. The extent of S. scoparius scrub is greater despite the reduced

mean area shown in Figure 5.2b and Appendix 15.1. This is due to the

presence of smaller, more fragmented patches of this community type within

the landscape. The spread of this vegetation type within the area of the

abandoned point bar has led to a loss of herb-rich grassland. The mean area of

herb-rich grassland is now less than 1 ha. There has also been a considerable

decline in the mean area of Betula woodland, now having the lowest average

area for the study period. Figure 5.1 e shows that riparian woodland has

extended within the zones of previously unvegetated gravel. However, these

habitats are more fragmented leading to a lower mean area for these land

cover classes. The abandonment of the former channel has enabled the

development of Glyceria fluitans swamp community within the backwater.

5.3.2. Temporal change in diversity indices within the Tomdachoile reach

Figure 5.3 shows the results of the diversity indices for the study reach. An

inverse relationship exists between the results for the Shannon index and the

reciprocal of Simpson's index. The Shannon index shows diversity to be
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lowest in 1946 and 1971 with values of H' at 1.67 and 1.61 respectively. The

coverages for 1988 and 1994 have the highest diversity when measured on the

Shannon index with a value of 2.08. The reciprocal of Simpson's index shows

landscape diversity is highest in 1946 with a value of 4.37 and lowest in 1988

with a score of 5.76. The coverages for 1968 and 1994 also score relatively

high on the reciprocal of Simpson's index with values of 5.65 and 5.51

respectively. The equitability index and the dominance index measure the

evenness of the distribution of landscape patches. An inverse pattern exists

between these two indices, however both reveal the same results. Both show

that the landscape is composed of small uneven patches within a

heterogeneous matrix in the 1971 coverage. This implies low diversity. The

two indices show that the landscape patches are more even in their distribution

in the 1968 and 1988 coverages. This suggests that the land units cover more

equal areas.

Figure 5.4 shows the patterns of species richness for the Tomdachoille and

Ballinluig reaches of the river. Tomdachoile Island shows a complex pattern

of species richness due to recent disturbance. The most species rich habitats

are the Betula woodland and carr woodland patches. The high species richness

in the riparian communities indicates that only relatively short time-scales are

required for species richness recovery following disturbance or channel

abandonment. Riparian woodland rapidly colonises the low elevation areas of

gravel habitats. Where conditions prevent carr woodland development, such as

coarse very well drained substrate with low moisture retention capacity at

higher elevations on the point bars, species richness is typically low. However
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the vegetation survey revealed that several locally and nationally rare species

colonise the exposed gravel, thus they are important habitats for enhancing

total species richness within the floodplain environments despite only

supporting a low species richness.

The species richness distribution at Ballinluig Island is more even and

dominated by relatively high species richness. This area has not had a major

disturbance in recent years. The rate of plant community development can be

inferred by comparing the present species richness to the areas of previously

unvegetated gravel. The extensive area of unvegetated gravel in the Ballinluig

reach in 1946 now supports a species richness of between 26-35 species across

most of the area. The cut-off channels and backwaters at Ballinluig in 1946 are

also poorly colonised. These areas are now covered in dense riparian

woodland supporting up to 35 species.

Figure 5.5 shows the temporal variation in shape indices SI and S2. Figure

5.5a shows that the SI index scores low (~0.20) for most of the land cover

classes over time. This indicates that relatively few patches with large interiors

in respect to landscape area dominate the study area over time. There is a trend

for SI to increase within the land cover types over time. This suggests that the

landscape patches are decreasing in area and are becoming more fragmented.

The results of the second shape index, illustrated in Figure 5.5b, show that six

land cover types have relatively isodiametric shapes (index value is close to

1.00). The most isodiametric land cover classes are coarse grassland,
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Figure 5.5: Temporal variation in the shape indices SI (a) and S2 (b) within the
plant community types in the Tomdachoile reach of the River Tummel between
1946-1994.

257



mid-channel bars, open water, gravel (herb-rich and partially colonised) and

vegetated mid-channel bars. The other land unit classes have more complex

shapes deviating from a circle or square pattern. Some patches, e.g. coarse

grassland and vegetated mid-channel bar, show little variation in shape over

time. This supports the hypothesis that isodiametric patches are more stable

(Form an and Godron, 1986). Betula woodland, the channel, scrub and

unvegetated gravel patches show considerable variation in shape over time and

show strong deviations from isodiametric shapes.

5.3.3. Temporal change m total area of each land cover class within the

Tomdachoille reach

Temporal change in the total area occupied by each land cover type is

presented in Figure 5.6. The results are presented in conjunction with the

number of patches and the proportion of the study area occupied by each land

cover type over time (Figure 5.7). Figure 5.6 shows that considerable change

has occurred in the total area of each land unit category over the time period.

The overall trend shows that there has been an increase in area of fourteen

land cover types in comparison to the 1946 coverage, and a net loss in total

area of two land unit classes. Of the land unit classes to show an increase in

comparison to 1946, nine of them are ecologically valuable floodplain

habitats. The other four classes to increase in area are scrub communities,

coarse grassland and pasture. The land units to show a decline in spatial

coverage are both ecologically valuable riverine habitats.
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by the change index CC) within the Tomdachoile reach of the River Tummel
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cover type within the Tomdachoile reach of the River Tummel between 1946-
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In most cases the greatest contrast in the total area of each land cover type is

between the 1968 coverage and 1946. The trend for the difference in total area

of each land unit type in comparison to 1946 has been one of decline. The total

area of Betula woodland has declined markedly in the 1994 coverage in

comparison to 1988, however, the total area is still slightly greater than in

1946. The greatest loss of habitat is herb-rich grassland within the study area.

The total area of unvegetated gravel shows a marked decline over time despite

covering a greater area than in 1946. This is likely to be the result of scrub

encroachment and the expansion of riparian woodland.

Figure 5.7a shows that within half of the land cover types, very little variation

has occurred in the number of patches present over time. The land unit classes

to show greatest variability are S. scoparius scrub, herb-rich grassland, mid-

channel bars, riparian woodland communities, scrub and unvegetated gravel.

Figure 5.7b shows temporal change in the proportion of the floodplain

occupied by each land unit. Little temporal variation is seen for twelve of the

land cover types over time. The figure shows that the study area is dominated

by pasture, the channel, unvegetated gravel, with Betula woodland, coarse

grassland and herb-rich grassland as co-dominants. The proportion of the

floodplain occupied by pasture has increased over time and occupies between

a quarter and a third of the study area. The proportion of the study area under

unvegetated gravel has also tended to increase. There has been a decline in the

proportion of coarse grassland and herb-rich grassland.

The number of riparian woodland patches has increased since 1971 with a

dramatic increase in the number of riparian woodland patches on gravel
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substrate in 1994. The proportion of the study area occupied by this

community has also increased over time. However, the mean area of this

community has declined from 0.48 ha in 1946 to 0.22 ha in 1994. The

proportion of the study area occupied by riparian woodland on sandy substrate

has increased over time. Figure 5.7b shows the proportion of the area occupied

by this community to be considerably higher in 1988 and 1994 in comparison

to the other study years. Patches of S. scopraius scrub have increased

considerably over the study period. The most notable loss in the number of

landscape patches is for herb-rich grassland. This community has shown the

greatest loss in the proportion of the floodplain it occupies over time. This

community occupied approximately one third of the study area in 1946. Herb-

rich grassland occupied less than 5% of the total area in 1994 due to habitat

loss.

5.3.4. Temporal change in landscape patterns within the River Tummel study

area

The full GIS coverages were analysed to assess temporal change in landscape

diversity. This analysis was carried out for years 1946, 1968, 1988 and 1994.

Figure 5.8a-d shows the classified images of the reach upstream of

Tomdachoile to downstream of Ballinluig. Figure 5.9 shows the results of the

number of land cover types and total number of landscape patches within the

study reach.
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Figure 5.8a: Classified image of the botanical habitat types within the River Tummel
study area, May 1946.
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Figure 5.8b: Classified image of the botanical habitat types within the River Tummel
study area, August 1968.
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Figure 5.8c: Classified image of the botanical habitat types within the River Tummel
study area, 1988.
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Figure 5.8d: Classified image of the botanical habitat types within the River Tummel
study area, May 1994.
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habitat types on the River Tummel floodplain between 1946-1994 (excluding
1971).
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5.3.4a. 1946 coverage

Figure 5.8a shows that the river occupies one main channel along the study

reach. The channel is split with 3 mid-channel bars. Several cut-off channels

are present within the floodplain. The upper reach of the study area is

dominated by herb-rich grassland and the lower reach has extensive areas of

unvegetated gravel. Fragments of riparian woodland are present along the

reach. Figure 5.9a shows 17 land cover types are present within the area and a

total of 60. landscape patches. Figure 5.9b shows that the river occupies the

largest mean area of the study area, followed by high values for pasture and

arable land. The mean area for all semi-natural floodplain habitats is very low

throughout the reach. The high standard deviations, given in Appendix 15.3,

show that there is considerable variation in the size of the patches within this

landscape.

5.3.4b. 1968 coverage

Figure 5.9a shows that the 1968 coverage has the lowest number ofland cover

types present out of the four years studied. The most notable change between

1946 and 1968 coverage, shown in Figure 5.8a and b, is the increase in

sinuosity of the channeL. The second main channel in the Tomdachoile reach

is an indication of this. There has been a notable decline in the number of

patches of herb rich grassland, along with a loss of area occupied by this land

unit, shown in Figure 5.9b. The extent of riparian woodland within the reach

has increased between 1946- 1 968. Pasture and arable land still occupy a large
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area of the study area. All semi-natural floodplain habitats have a low mean

area with high standard deviations.

5.3.4c. 1988 coverage

Figure 5.9a shows 18 land cover types are present within, the study area in

1988, and that the landscape is composed of the lowest number of patches for

the years compared. Figure 5.8c shows that the river has reverted back to one

main channel, abandoning the main channel the river occupied in the

Tomdachoile reach in 1946. A large cut-off channel is now present. There are

three mid-channel bars, which have almost doubled in extent since 1946 (see

Appendix 15.3). New habitats are developing within the zone of channel

abandonment. Riparian woodland has generally increased in coverage

especially the community developing on sandy substrate, shown in Figure 5.9b

and Appendix 15.3. Equisetumfluviatile community has also developed within

the Ballinluig area of the floodplain, this is inferred from its current presence

in this location.

5.3.4d. 1994 coverage

Figure 5.8d shows that there is complex spatial patterning of land cover types

along the study reach in the 1994 coverage. This is clearly demonstrated in

Figure 5.9a showing that there has been a dramatic increase in the total

number of patches increasing from the minimum number of landscape patches

in 1988 to 139 patches in 1994. The increase in the total number of land cover
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types is not proportional to the increase in number of patches. This stresses

that the landscape has become considerably more fragmented and is now

dominated by many patches with small interiors. The river channel occupies a

larger mean area of the study area, however this may be a result of higher

water levels at the time of the aerial survey rather than due to changes in

channel geometry or flow regime. With the exception of the channel, the mean

area of the landscape patches in 1994 is lower than for the previous study

years. This supports the notion that the habitats are becoming increasingly

fragmented. The high standard deviations for patch mean area show that there

is considerable variability in patch size along the reach.

5.3.5. Temporal change in diversity indices within the River Tummel study

area

The results of the diversity indices are presented in Figure 5.10. The results

show that there is very little change in landscape diversity through time when

assessed using the Shannon index as the results merely fluctuate between 2.21

and 2.29 (Figure 5.l0a). The maximum diversity is in 1994, and the minimum

in 1988. This is a direct reflection of the richness of landscape patches for

these years. In contrast, the reciprocal of Simpson's index suggests that

landscape diversity is highest in the 1988 coverage, shown in Figure 5.10d.

The pattern of results for the equitability index and dominance shows an

opposite trend, but both reveal the same results (Figure 5.lOb and c). These

indices show that the landscape is composed of fewer land cover types

occupying more equal areas in 1968. The graphs show that one or a few land
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cover types within a complex matrix of small patches dominate the landscape

in the 1994 coverage.

The results of temporal change in the shape of the landscape patches are

summarised in Figure 5.1 1. Figure 5.1la shows that the SI index increases

considerably over the study period for several land cover types. This suggests

that the landscape has changed over time from being composed of relatively

few patches with large interiors, to a landscape composed of relatively

numerous patches with small areas. The most stable patches are arable land,

pasture, the main channel and Scot s pine woodland.

The S2 index, given in Figure 5.11 b, shows that the majority of the landscape

patches score approximately 1.00. This suggests that the patches are

approximately isodiametric in shape. The land units deviating most from

isodiametric shapes are cut-off channels, riparian woodland, main channel,

backwaters, and unvegetated gravel. Within class variance is minimal over the

study period for this index shown in Appendix 15.4.

5.3.6. Temporal change in the area of each land unit within the River Tummel

study area 

The patterns of temporal change in the total area of the study reach occupied

by each land cover type are presented in Figure 5.12. The figure shows that

more land cover classes have increased in area in comparison to the 1946

coverage. The most notable increase is in the riparian woodland (sandy) land
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Figure 5.11: Temporal variation in shape indices Si (a) and S2 (b) within the
River Tummel study area between 1946-1994 (excluding 1971).
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Figure 5.12: Temporal variation in total area of each land cover measured by the
change index (C) within the River Tummel study area between 1946-1994

(excluding 1971).
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unit. There has been an increase in total area of eight ecologically important

habitats within the study area in comparison to 1946. The habitats increasing

in area are Betula woodland, mid-channel bars, carr woodland and vegetated

mid-channel bars. There has also been an increase in the species-poor S.

scoparius scrub community. Despite the overall increase in total area of land

units in comparison to the 1946 cover, the trend within each of these classes is

for a gradual decline in extent post 1968. The coverages showing the greatest

contrast are between 1968 and 1946.

Of the land cover types to show an overall decline in total area over time two

classes are of little ecological value, and four are important floodplain

habitats. The most notable loss of habitat is the herb-rich grassland. Other

ecologically important habitats to have decreased in area are abandoned point

bar, cut-off channels and vegetated mid-channel bars. Arable land and coarse

grassland has declined since 1946, and there is less land under pasture in 1994

compared to 1946.

Figure 5.13a shows the temporal change in the number of patches within each

land unit. The results show that there has been a considerable increase in the

number of patches of Betula woodland, mid-channel bars, riparian woodland

communities and unvegetated gravel. The number of patches of herb-rich

grassland has fluctuated over time and has a higher number of patches in the

1994 cover. However the mean area of the patches is considerably lower,

ilustrated in Appendix 15.3. The number of landscape patches under scrub

vegetation has increased considerably over the study period.
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Figure 5.13: Temporal variation II the number, N (a) and proportion, pI (b) of each land cover type
within the River Tummel study area between 1946-1994 (excluding 1971).
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Figure 5.13b shows the results of the proportion of the study area occupied by

each land cover type in relation to total area for each year analysed. The

results reveal pasture, riparian woodland (sandy) and the main channel land

units dominate the landscape. Herb-rich grassland occupied approximately

15% of the study area in the 1946 coverage. This figure has declined to 5% in

1994. The extent of Betula- and carr-woodland is greater than in 1946 when

the landscape seems to have been more frequently inundated due to the large

areas of unvegetated gravel and little woodland development. Ecologically

important habitats to have declined in proportion are cut-off channels, herb-

rich grassland and unvegetated gravel. The proportion of the study area to be

occupied by coarse grassland has also declined considerably.

5.3.7. Temporal change in geomorphic landform patterns within the River

Tummel study area

The distribution of geomorphic landforms within the study area between 1946-

1994 are illustrated in Figure 5.1 4a-d. The number of land cover types present

and the total number of landscape patches within each coverage are given in

Figure 5.15.

5.3. 7 a. 1946 coverage

Figure 5.1 4a shows that a few landform types with each patch having a

relatively large interior dominate the landscape. Semi-natural and agricultural

floodplain dominates the reach. The upper section of the reach is more
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Figure 5.l4a: Classified image of the geomorphic landforms within the River Tummel
study area, May 1946.
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Figure 5.14b: Classified image of the geomorphic landforms within the River Tummel
study area, August 1968.
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Figure 5.1 4c: Classified image of the geomorphic landforms within the River Tummel
study area, 1988.
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Figure 5.14d: Classified image of the geomorphic landforms within the River Tummel
study area, May 1994.
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sinuous, indicated by the extent of point bars. The lower reach is straighter

with extensive areas of lateral bars. There are twelve landform classes present

and forty landscape patches, shown in Figure 5.15a. The channel occupies the

largest area of the reach. The landforms to occupy considerable areas aside

from the channel are the floodplain landform (semi-natural and agricultural).

The area of the landscape patches within each land unit varies considerably

indicated by the large standard deviation values, given in Appendix 15.5.

5.3.7b. 1968 coverage

The most notable change in 1968 is an increase in sinuosity of the channel and

increase in the size and number of point bars within the study reach, ilustrated

in Figure 5.14b and Figure 5.15b. With an increase in point bars there has

been a loss in the number and extent of lateral bars due to the more sinuous

nature of the river. This coverage has the lowest number of land units present,

shown in Figure 5.15a. Figure 5.15b shows that there has been a decrease in

the mean area of floodplain under agriculture and an increase in semi-natural

floodplain.

5.3. 7 c. 1988 coverage

Figure 5.14c shows that the river remains fairly sinuous with extensive point

bars along the reach. Figure 5.1 5b shows a further increase in the mean area of

point bars in 1988. The landscape is composed of fourteen land units and now

has the lowest number of landscape patches present, ilustrated in Figure
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5.l5a. The mean area of semi-natural floodplain has increased considerably

since 1968. This is a result of a decline in the number of landscape patches,

thus raising the mean area.

5.3.7 d. 1994 coverage

The 1994 coverage in Figure 5.1 4d shows that there is complex geomorphic

patterning within the zone of recent channel change in the Tomdachoile

reach. The river remains fairly sinuous with several point bars and lateral bars

present. The mean area of point bars has declined since 1988, shown in Figure

5.l5b. There has also been a loss in mean area of semi-natural floodplain,

illustrated in Figure 5.l4d and Figure 5.l5b as a result of an increase in the

number of patches present. The highest number of landscape patches is present

in the 1994 coverage showing that the geomorphic patterning is more complex

than in the past (Figure 5.15a). The geomorphic landforms appear to have

been relatively stable in terms of the number of land units present and the total

number of patches between 1946 and 1968. Active channel change during the

1970's and 1980's has resulted in altering the number of landform types

present and an increase in patch number in 1994.

5.3.8. Temporal change in diversity indices within the River Tummel study

area

The results of the temporal change in the diversity of landfoff1s are presented

in Figure 5.16. The results show that there has been an overall decline in the
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diversity values over time with the exception of the dominance index. The

Shannon index indicates that there has been a decline in the diversity of

landforms in terms of richness (H') between 1946- 1 988. The lowest H' score

also coincides with the lowest Shannon index score for equitability (J)

showing that not only is landform richness low, but the landform distribution

is very uneven. Landscape diversity is highest measured on the Shannon index

in 1946 and lowest in 1988. An inverse relationship again exists between the

Shannon index and the reciprocal of Simpson's index whereby this index

indicates the landscape to be most diverse in 1988 and least diverse in 1946.

Congruence occurs between the equitability and dominance indices which

indicate that the highest geomorphic diversity exists in 1968 and 1946, and the

lowest landform diversity is in 1988.

The results of the analysis of landscape patch shape are given in Figure 5.17.

Figure 5.17 a shows that approximately half of the landform classes show

marginal temporal variation in the mean perimeter-to-area ratio of the patches.

This indicates that these patches are few in number with relatively large

interiors. The remainder of the landforms show notable variation in the SI

index, especially the cut-off channels, mid-channel bar (unvegetated) and

lateral bars. The standard deviation for the shape indices are given in

Appendix 15.6. The standard deviation for lateral bars in 1994 is relatively

high indicating considerable variability in the patch area of this landform

feature along the study reach. The standard deviation for all other landforms

over time is relatively low, indicating that all patches within each landform

class are of similar shape.
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Figure 5.17: Temporal variations in shape indices SI and S2 within the
geomorphic landforms within the River Tummel study area between 1946-1994.
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Considerable variation occurs between the shape of the landform patches

between classes, ilustrated in Figure 5.l7b. Overall little variation in S2

occurs within the land units over time, with the exception of abandoned

channels, cut-off channels, embankment, mid-channel bar (unvegetated) and

lateral bars. The landforms with the most isodiametric shapes are floodplain

(agriculture) and mid-channel bars (vegetated and unvegetated). The greater

the S2 index deviates from 1.00, the more the shape deviates from being

isodiametric. The landforms with the highest scores are those which are linear

in nature due to the processes of formation. These are the channel landform

categories, river banks and lateral bars. S2 standard deviations for each

landform class over time is given in Appendix 15.6. The results show litte

variation in the shape of each landscape patch within a given land unit for each

year studied.

5.3.9. Temporal change in the area of each land unit within the River Tummel

study area 

Figure 5.18 shows the rate of change in total area of each landform class over

time. The figure shows a net increase of eight and a net decrease of four land

units. The most notable difference is the total area of point bars and lateral

bars over time. The total area of point bars is greater for all years in

comparison to the 1946 coverage. However, the change in total area of point

bars has shown a downward trend since 1968. The increase in the total area of

point bars is balanced by a considerable loss of lateral bars. The greatest

contrast in area being between the 1946 and 1968 coverage. The total area of
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floodplain (agricultural and semi-natural) has increased in extent in

comparison to the 1946 cover. The increase in these landform patches has

resulted in the loss of landform types which were more extensive in 1946 due

to landform features gradually becoming incorporated into the floodplain. A

net loss of abandoned point bars and cut-off channels has occurred within the

study area in contrast to 1946.

Figure 5.19 shows the temporal variability in the number of landscape patches

within each landform class and the change in the proportion of the study area

occupied by each landform over time. Figure 5.1 9a ilustrates that semi-natural

floodplain, mid-channel bar (unvegetated), point bars, river banks and lateral

bars exhibit the most variability in the number of landscape patches. The

number of backwaters also increases in 1994. Semi-natural floodplain, mid-

channel bars (unvegetated) in 1994, and lateral bars are the most numerous

landform types within the study area. The remaining of the landforms shows

relative stability in number over time. There are also fewer patches of these

landforms within the reach.

Figure 5.19b shows that there is little change in the proportion of the study

area occupied by each land unit over time. The channel, floodplain

(agriculture) and floodplain (semi-natural) dominate the study area. The

landforms to show the greatest variation in the proportion of the study reach

occupied are point bars, riverbanks and lateral bars.
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The implications of the temporal patterns of landscape change observed will

discussed in relation to the effect upon floristic diversity along the reach using

results from chapters 3 and 4.

5.3.10. Temporal change II landscape diversity within the River Tummel

study area 

The results of the assessment oflandscape diversity are presented in Table 5.1.

Landscape diversity was calculated by averaging the results of the diversity

measures for each study year. Landscape diversity in terms of the number of

land cover types shows relative stability over the study period. In terms of

richness, the 1994 cover is the most diverse due to the high number of

landscape patches resulting from the complex landscape patterning in the zone

of recent channel change and channel abandonment. However the evenness of

the distribution of the landscape patches is low. This infers high landscape

diversity resulting from a rich mosaic of habitat types. Overall the results

show landscape diversity is greatest in the 1968 cover. This is due to a

relatively even distribution of the landscape patches.

Table 5.1: Landscape diversity calculated as the average of the biodiversity

and geodiversity results for the study area.

1946 1968 1988 1994
Number of land cover types 15 14 16 17
Total number of patches 50 48 41 94
Shannon index 2.04 2.01 1.94 2.02
Equitability index 0.76 0.78 0.70 0.72
Dominance 0.63 0.58 0.83 0.79
Reciprocal Simpson's index 6.30 6.23 5.56 5.84
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5.3.11. Long-term variation in habitat features on the River Tummel

Long-term variation in the physical channel and bank features was examined

with the use of historical maps and aerial photographs. The results of the

temporal variability in the physical features of the river and banks are

presented in Figure 5.20. The natural planform of this river is a multi-thread

braided channel with numerous mid-channel bars and islands. Historical data

from 1747-1753 shows that the river is highly braided from Tomdachoile

Island down to the confluence with the River Tay (Winterbottom, 1 995). The

river was subsequently embanked causing changes to the planform. The river

maintained its sinuosity and retained mid-channel bars and island features,

although considerably less than when it was unconstrained. In 1867 the main

channel was flowing through the present cut-off channels and backwaters

found within Tynreich Island and Ballinluig Island. In 1867 the river is still

multi-thread in nature, although fewer branches of the channel are present

along with fewer in-channel depositional features. Since 1867, historical

records show that the river predominantly occupies one main channel

throughout this reach.

Temporal variability in the number of in-channel and bank features is given in

Figure 5.20a. The graph shows that mature islands are a natural feature of this

river, however they are now rare and intermittent features due to past

management practices to constrain the channeL. ,Unvegetated mid-channel bars

are present in every year examined. The number of unvegetated mid-channel

bars was at a maximum in 1867 and 1994. The lowest count was in 1900 at the
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time when extensive embankments were maintained along the river. There

has been little variation in the number of vegetated mid-channel bars through

time. Although the number of point bars is shown to fluctuate over time, the

general trend is for a considerable decline. Figure 5.20a shows the number of

point bars to be at a maximum in 1900, and lowest with just 4 counts in 1994.

The number of lateral bars increased rapidly from 0 in 1867 to 6 in 1968. The

number of lateral bars has generally declined since 1968 with some recovery

since 1989.

Figure 5.20b ilustrates how channel change has led to a general increase in

the number of backwaters and cut-off channels along the reach. Channel

change and channel abandonment has left a legacy of cut-off channels and

backwaters across the study area. Both of these features show a general

increase in number over time. The highest number of backwaters present is in

1994. The count of cut-off channels is at a maximum in 1988, since then the

cut-off channel at Tomdachoille has been reconnected to the main channel at

the downstream end.

5.4. Discussion

The analysis has mapped the pattern of channel change that has occurred

within the study period along this reach of the River Tummel and explored the

linkages between channel change and landscape diversity. The pattern of

channel change has resulted in a shifting mosaic of landform and vegetation

types within the study area. Each of these landscape patches provides an
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important habitat for the overall diversity value of the landscape. The history

of channel change and its impacts upon landscape pattern are clearly identified

in Figures 5.8 and 5.14. Complex landscape patterns are found in both figures

in the zones of past active channel change. The most notable changes in recent

history are the complex biodiversity and geodiversity patterns occurring

within the Tomdachoile reach as a result of channel shifting. Simple

landscape patterns in terms of both vegetation and landforms existed within

this reach prior to the new channel being created between 1946 and 1968.

Figure 5.8 shows that rapid colonisation does occur within the zones of

unvegetated gravel. The extensive area of unvegetated gravel in the Ballinluig

reach in 1946 has rapidly declined in area over time due to stabilisation and

colonisation. The figures show that riparian woodland and scrub species are

the first còlonisers of the gravel habitats. Herbaceous species are also early

colonisers, such as T. drucei and bryophytes. This pioneer community

develops into herb-rich grassland. This is ilustrated in Figures 5.8b and 5.8c

in the Ballinluig reach. From the vegetation maps produced it can be inferred

that these pioneer communities can establish over a 5-year period. This is

consistent with the findings of Gilvear et al. (2000) that revealed that

grassland development on bare gravel on the River Feshie in north-east

Scotland takes approximately 5 years.

Figure 5.14 ilustrates the degree of lateral erosion occurring within the

floodplain. The most active areas of erosion are within the Tomdachoile,

Tynreich and Ballinluig areas. Gilvear and Winterbottom (1998) report that 10

m of land has been eroded along a 200 m reach downstream of Moulinearn
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within a 10 year period. A considerable loss of floodplain has occurred at

Tomdachoille on the former mature island (reported by Winterbottom, 1995).

This erosion is causing a loss of coarse grassland habitat, which has low

species diversity and has been considerably impacted by past land

management. The erosion on this bank has led to the deposition of an

extensive point bar on the opposite bank. This has provided an important

habitat for early colonisers and nesting gulls. However, this point bar is

rapidly being colonised by 1. glandulifera which is out-competing many of the

native species that colonise gravel bars. In addition the erosion of the

floodplain and loss of coarse grassland (MG 1 e) habitat is also threatening the

extent of P. veris along the reach as it is abundant within this habitat patch.

This species is rare nationally and endangered due to loss of suitable habitat

and land management practices.

The active erosion occurring at Tynreich is causing a loss of floodplain habitat

under pasture. This has led to an increase in deposition on the opposite bank.

This depositional feature has partially stabilised since the 1940's and large

areas are now forming a new floodplain zone and are fully vegetated with

herb-rich grassland. Recent channel change has occurred in the Ballinluig

reach causing a shift in the patterns of erosion and deposition. In the 1946 and

1968 coverages, Ballinluig Island was on the inside of a meander bend with a

point bar accumulating. Channel change caused a shift of the point bar to form

a mid-channel bar and now erosion is focused on the area of former

deposition. In comparing Figure 5.14c and 5.14d, it is clear that a substantial

proportion of the floodplain has been lost as a result of erosion at this location.
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In comparing the results of the diversity indices in Figures 5.10 and 5.1 6,

similar patterns are clearly evident. This suggests that there is a degree of

congruence between the patterns of geodiversity and biodiversity within the

study area. Biodiversity in terms of richness (H ') is greatest in the 1994 cover

as a result of the complex spatial mosaic of land cover types due to the

geomorphic patterns and processes of channel change which have occurred

along the reach. Although the levels of bio- and geo-diversity do not match,

the general trends in the fluctuation of diversity levels measured on the

different scales follow a similar trend. When diversity is assessed in terms of

evenness, the 1968 coverage is the most diverse cover in terms of both plant

communities and landforms. This is also supported in the overall assessment

of landscape diversity. Thus the instability and channel change induced post

1946 has led to greater landscape diversity. This is due to more active erosion

and deposition creating new zones for semi-natural vegetation development.

The 1968 landscape also tends to be dominated by few patches with relatively

large interiors. This wil promote full community development by minimising

the edge-effect influence upon the community as a whole. The 1968 cover is

also dominated by ecologically valuable habitats with minimal scrub

community development along the entire study reach. Subsequent to channel

abandonment during the 1970' s, increased stability of the landforms has led to

scrub invasion and rapid expansion during the period 1988- 1 994 lowering the

ecological value of the habitats. However, the channel abandonment has

enabled the establishment of carr woodland communities which were sparse in

extent in the 1968 cover.
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In the 1968 cover, the dominant land cover types are pasture and riparian

woodland (sandy) indicated in Figure 5.13b. Unvegetated gravel also

contributes to a large proportion of the study area. In terms of geodiversity, the

floodplain (agricultural and semi-natural) dominate the landscape with point

bars also covering a considerable proportion of the area., The loss of

unvegetated gravel is mirrored by a loss of point- and lateral bars. This is

clearly evident in Figures 5.8 and 5.14. The loss of these habitats is due to

channel shifting, stabilisation of the deposits, accretion and colonisation. In

comparing Figures 5.13 and 5.19 the land cover types which dominate the

landscape remain fairly static over time, with the main change being the loss

of pasture/foodplain (agricultural) which are replaced by an increase in

riparian woodland (sandy)/foodplain (semi-natural)

Figures 5.1 Od and 5.1 6d show that the likelihood of encountering two identical

patches when random sampling is greatest in the 1988 cover. Thus suggesting

repeatability of the land cover types inferring a degree of stability of the

landscape matrix. Therefore it can be argued that the 1988 cover is the most

diverse as it is composed of a mosaic of repeated land cover types and a suite

of communities at various stages of development.

The diversity results for the Tomdachoile reach to include the 1971 image in

the analysis are not directly comparable to the whole reach due to scale. When

analysing in isolation, the results show that the 1971 cover generally scores

lowest on the diversity scales. This cover has low diversity scores in terms of
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evenness and richness. However, the low score for the reciprocal of Simpson' s

index indicates a degree of repeated pattern in the landscape. When comparing

the dominance score with Figure 5.7b it can be seen that the landscape is

dominated by pasture, covering almost 35% of the study area. Unvegetated

gravel is also an extensive land cover type within this reach covering

approximately 12.5% of the area.

The general trend when there is an increase in the number of landscape

patches is for a reduction in the mean area of Betula woodland, mid-channel

bars, riparian woodland communities and unvegetated gravel. The number of

land cover patches also tends to increase over time, thus indicating that the

landscape is becoming more fragmented and composed of smaller land units

within a more heterogeneous matrix. The loss of habitats due to erosion is

illustrated in Figure 5.9b. The graph shows a decline in the mean area of

coarse grassland from 3.31 ha in 1946 to 0.84 ha in 1994. The mean area of

pasture has also declined over time, shown in Figure 5.9b and Appendix 15.3.

The standard deviation for the mean area values are all high indicating a

heterogeneous landscape with a complex mosaic of both large and small

landscape patches showing considerable variation in area.

The active erosion also shows a loss of mean area of floodplain (agricultural)

in Figure 5.1 5b. Approximately 2 ha of agricultural land have been lost due to

erosion since 1946. The most notable changes in mean area over time are

within the floodplain (semi-natural) and the point bar landform classes. The

mean area of semi-natural floodplain doubled between 1946- 1 988 indicating
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fewer landscape patches with larger interiors, and half of the mean area was

subsequently lost between 1988-1994 inferring more landscape patches with

smaller interiors and a more fragmented landscape mosaic. This gain and loss

is also due to accretion of depositional features creating new floodplain areas,

and loss due to erosion. The general trend is for an increase in the mean area

of point bars. Channel area has changed considerably, however this may

simply be a result of discharge levels at the time the aerial photography was

flown.

The shape index results also show that the landscape mosaic has tended to

become composed of more patches with smaller interiors over the study

period. Not only do the shape indices suggest that the landscape has become

more fragmented, but also that the landscape patches tend to increasingly

deviate from isodiametric shapes. This creates complex patterns, however it

also infers weaker plant community stability due to the interior-to-edge ratio

(Forman and Godron, 1986). Isodiametric shapes are reported in ecology to be

more stable and add to a more diverse landscape due to the ability of these

patches to gain full development (Forman and Godron, 1981). Patches that

strongly deviate from isodiamètric shapes have limited interior area thus the

edge-effect is a dominant characteristic of these patches. These transitional

ecotones are typically species rich and of high habitat value (Forman and

Godron, 1981). However, where the patch interior is small in relation to the

perimeter, then full development of the plant community is restricted due to

the presence of 'edge' species, ruderals and competitive flora. These patches

do not offer the stability of isodiametric shapes and are more vulnerable to
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disturbance. The land cover types deviating most from isodiametric shapes are

the elongated features associated with the channel, such as cut-off channels

and backwaters; this is also shown in the geodiversity analysis in Figure 5.17.

The patch shapes of these land cover types have become more isodiametric

over time. In terms of the area,.to-perimeter ratios expressed by SI, the 1994

figures show the most extreme values. This suggests that the landscape has

become more fragmented and is now composed mainly of small patches

within a heterogeneous matrix. A reduction in patch size has not been coupled

with a notable change in patch perimeter complexity. The standard deviation

results for the shape indices show that there is very little variation in the shape

of the landscape patch within each legend class for any given year.

Both Betula woodland and herb-rich grassland have altered over time from

occurring as a few large patches within the landscape with complex perimeter

shapes to being fragmented communities but with a more isodiamteric pattern.

Herb-rich grassland has been lost in part due to expansion of Betula woodland,

but also as a result of scrub encroachment, particularly in the zone of recent

channel abandonment in the Tomdachoile reach. Patches of S. scoparuis

scrub have become more fragmented over time and more isodiamteric. This is

due to the erosion of the former embankment where a dense community of s.

scoparius has established and this species is also an early coloniser of gravel

habitats.

In terms of biodiversity, several land cover types have increased in total area

in comparison to the 1946 coverage. The expansion of the habitats however
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has been primarily at the expense of herb-rich grassland. A large proportion of

the herb-rich grassland was lost due to conversion to pasture post 1946.

However, more areas of herb-rich grassland have been lost in the

Tomdachoile reach due encroachment of scrub and Betula woodland. Many

authors have shown that patch area holds a strong relationship with the species

diversity of a given patch (Forman and Godron, 1981). The greatest rate of

change is between 1946 and 1968. Since 1968 the total area of herb-rich

grassland has increased due to colonisation and development of gravel habitats

in the Ballinluig area. However the extent of herb-rich grassland is still less

than in 1946. There has also been a net loss of cut-off channels since 1946

which provide important wetland habitats within the floodplain zones. This is

primarily a result of isolation from the main channel and plant succession

occurring. Riparian woodland cover has increased within the cut-off channels

and also fringes the backwaters and abandoned channels. The total extent of

riparian woodland has increased in comparison to 1946. This is directly due to

new habitats being created by channel abandonment thus creating suitable

niches for carr woodland establishment.

Within the Tomdachoile reach there has been an increase in the area of coarse

grassland in contrast to 1946. However its rapid decline in area since 1971

emphasises the active erosion occurring on the river banks of this landscape

patch. In contrast, when considering the whole reach there has been a net loss

of coarse grassland. This is partly a result of erosion, but also due to the

expansion of carr- and Betula-woodland. Areas of S. scoparius scrub have

increased over time. This is due to it being a primary coloniser of the gravel
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habitats, but also as a result of cyclic change. In the 1946 cover the remains of

the embankment in the Tomdachoile reach is colonised by riparian woodland.

This scrub community typically fluctuates between scrub and woodland

community and reverted to S. scoparius scrub in the post 1946 period, and is

still under this vegetation type to date.

In comparing Figures 5.1 and 5.8 with Figure 5.4 the loss or gain of species

richness over the study period can be inferred. The highest species richness at

Tomdachoile is within the floodplain, abandoned channel and abandoned

point bar. Channel abandonment has led to an increase in species richness and

the creation of species rich habitats. The mosaic of habitats produced by

channel dynamics has also increased landscape diversity by providing new

landscape patches. The creation of a backwater has led to the introduction of

14 species unique to this feature. The abandoned channel has enabled carr

woodland development with 23 unique species, and there are 32 unique

species within the floodplain (semi-natural) zone. Channel change has also led

to the isolation of a point bar enabling succession to proceed and there are now

7 unique species to this habitat. These three geomorphic landforms and

subsequent vegetation types has enabled the localised introduction of 13 rare

species of which 3 are locally very rare at Tomdachoile. Due to the relatively

recent creation of these features it can be implied that these species have been

gained to the area over the study period. The extent of these rare species is

probably less in the 1994 cover however in comparison to the 1988 cover due

to scrub encroachment within the vicinity of the abandoned point bar. The

creation of wetland habitats via channel change is of considerable ecological
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importance due to the large scale destruction of these habitats at the national

leveL. It is reported by Grime et al. (1990) that the persistence of G. fluitans is

uncertain directly as a result of habitat loss and that its' abundance is

declining. E. flu via tile is also in decline due to the loss of habitat, however a

small E. fluviatile swamp is present in the 1988 and 1994 covers opposite

Ballinluig Island, therefore possibly seeing the introduction of this species to

the study area.

Provided scrub invasion does not achieve dominance within the isolated point

bars, these communities typically develop into herb-rich grassland, the habitat

type that has declined the most along the reach during the study period.

However, at Tomdachoille, the abandoned point bar plant community is

rapidly being invaded by scrub species, mainly S. scoparius and U europaeus.

Analysis in Chapter 3 revealed that the plant communities under this

vegetation are very species poor. The abandoned point bar habitat presently

hosts rare species which need protecting. Among these species are R.

canescens, T drucei and Solidago virgaurea. The latter species is reported to

be close to extinction in lowland areas due to the loss of suitable habitat

(Grime et al., 1990).

The loss of herb-rich grassland could be resulting in a decline in the

abundance of Campanula rotundifolia, G. cruciata, G. verum, L. corniculatus,

P. veris, R. minor and V riviniana. The latter is thought to be declining in

grassland habitats due to poor dispersal (Grime et al., 1990). However, this

species is present in many of the plant communities within the study area and
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therefore not under threat at the local scale. C. rotundifolia and L. corniculatus

are in danger of decline however as a result of the loss of herb-rich grassland

along the reach. These species are in decline as a result of land management,

therefore these semi-natural habitats are of great importance for their

preservation.

Channel change creating a new point bar opposite Tomdachoille has had the

effect of locally raising landscape diversity by adding another point bar to the

area which supports a variety of small mosaics of vegetation types

accommodating 54 species of which 3 are locally rare. Rapid colonisation of

this point bar has occurred in the 6-year period between 1988 and 1994. This

succession has led to the establishment of dense carr woodland along the

lower lying ground on the landward edge of the point bar and pioneer

bryophytes and herbs colonising the more elevated areas of the point bar. This

has raised landscape diversity locally as prior to channel change the land this

side of the river was predominantly agriculturaL. The addition of a new

landform also adds to overall landscape heterogeneity.

The Tomdachoile analysis in Chapter 3 revealed that the point bar has 10

unique species, of which 1 species is nationally rare, 4 are locally rare and 1

locally very rare. The total area of point bars is greater for all study years in

comparison to 1946. However the total area of point bars has been declining

since 1968. This is causing a loss of suitable habitat for the species

assemblages these landforms support.
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The total extent of semi-natural floodplain landforms has been declining since

1988. It can be inferred from analysis in Chapter 3 that these landforms can

have approximately 32 unique species with 1 locally rare and 1 locally very

rare species. The loss of this landform is a result of erosion, however

floodplain under agriculture is also being eroded. This is resulting in

depositional features along the river corridor thus resetting the succession for

new species rich habitats to evolve. On the whole, the Ballinluig reach is very

species rich. Species richness is likely to have increased over the study period

as a result of the rapid colonisation of the vast areas of unvegetated gravel in

1946. This will have led to an estimated increase in species richness to

approximately 79 in 1968 with the possibility of the establishment of 1

nationally rare species, 4 locally rare and 1 locally very rare plant. The

subsequent stage of succession leads to a rapid rise in species richness with the

addition of 4 species which are rare either nationally or locally and 1 very rare

species.

In terms of the geomorphology of the study area, the pnmary change in

landscape pattern is that the channel has become more sinuous over the study

period. This is indicated in Figure 5.18 by an increase in the total area of point

bars and the loss in area of lateral bars. Over longer time-scales of change,

given in Figure 5.20, the number of point- and lateral bars varies considerably

suggesting temporal change in the sinuosity of the channeL. Between 1867 and

1900 the river appears to be fairly sinuous due to the high number of point

bars and the low number of lateral bars. Sinuosity decreases between 1900 and

1946 where there is a notable increase in the number of lateral bars. The
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number of point bars out numbers lateral bars from 1988 onwards showing an

increase in sinuosity with active erosion and deposition occurring. The loss of

lateral bars shown in Figure 5.18 is primarily a result of an increase in the area

of point bars. The change in total area of these features is greatest between

1946 and 1968. Post 1968 the change in total area has been less over time in

comparison to the 1946 cover. The decline in the total area of point bars has

been due to stabilisation and accretion of these features and gradual isolation

from the channel due to lateral migration, thus leading to the slow formation

of a new floodplain zone.

The results in Figure 5.20a show mature islands have been present within this

reach within the study period. The subsequent abandoned channels that have

been created provide the complex landscape patterns that occur within this

landscape. Figure 5.20a shows that mature islands were present with a 100

year time intervaL. Mid-channel bars are numerous along this reach. These

features provide important habitats for colonies of gulls and create riffe

features which are a habitat requirement for salmonids. Figure 5.20b

emphasises how channel change has influenced the physical character of the

landscape over time. The graph shows that there has been a considerable

increase in the number of backwaters over the study period. The slight dip in

1968 is due to the channel splitting in the Tomdachoile reach creating a

mature island. Subsequent channel abandonment has led to an increase in the

number of backwaters. The number of cut-off channels has fluctuated over

time, however very few occur in comparison to backwaters. Within this reach
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the main channel tends to maintain connectivity with the abandoned channels

at the downstream end.

5.5. Summary

Overall, the history of channel change along this reach has led to an increase

in the total area of many of the ecologically valuable land cover types and has

added to the geomorphic complexity of the landscape. A degree of congruence

appears to exist between the geomorphic patterning and the resulting

vegetation types. The temporal analysis has shown that there is a shifting

mosaic of land cover types over time and the extent of each habitat patch

fluctuates as a result. Channel and floodplain recovery since the abandonment

of the embankments has led to an increase in most land cover types over

approximately 100 years of development but at the loss of some ecologically

important communities. The major changes in landscape pattern between 1946

and 1968 may also be a result of channel recovery following the construction

of the Pitlochry dam during the 1950's. Despite the net loss of some

ecologically important floodplain communities, the results reveal that

provided a regime of disturbance and recovery is maintained the landscape

wil continue to maintain a mosaic of these habitat patches. This wil protect

loss of habitat due to unmanaged succession occurring within the floodplain

whereby species rich habitats are lost due to scrub invasion.

309



Chapter 6: Discussion and Conclusions

6.1. Major outcomes of the research

6.1.1. Landscape diversity on a wandering gravel-bed river: the case of the

River Tummel

Channel instability on the River Tummel is a major control on landscape

diversity and nature conservation value. Without flood-induced channel

change the vegetation would differ according to elevation and substrate size

(these indeed being a function of past channel changes), but each vegetation

unit would move towards climax vegetation. Previous research which has used

the River Tummel as a fluvial research site has focused primarily on

geomorphic processes of channel change, flooding events and mechanisms of

embankment failure along the constrained reaches of the river. The major

outcomes of the research presented in this thesis are summarised below:

1. The deriving of quantitative results of the spatial and temporal patterns

of landscape diversity within semi-natural areas of a wandering gravel-

bed river valley floor.

n. Evaluation of the role of channel dynamics in creating the diverse

mosaic of land cover types within semi-natural zones of the valley

floor.

ni. The analysis of temporal changes in floodplain landscape diversity and

vegetation species richness using aerial photography and field studies.

iv. Development of a protocol for the assessment of landscape diversity.
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v. Identification of the environmental controls and supporting floodplain

habitats of a number of rare species.

This research has thus provided an added dimension to the knowledge base

already established by providing detailed quantitative data on the spatial

patterns of diversity within the semi-natural areas of the valley floor.

Information on the geomorphic processes can now be linked to the spatial

pattern of landscape diversity observed through a synthesis of the knowledge

to date. The methodologies applied by Winterbottom (1995) and discussed in

Chapter 5 could be combined to provide a holistic approach to assessing

landscape process within the valley floor in order to model future channel

change and its implications upon landscape diversity.

Studies on the River Tummel system have revealed the river to maintain high

rates of fluvial activity for a temperate environmental setting. This research

has evaluated the role of the channel dynamics in creating the diverse mosaic

of habitat patches that occur within the semi-natural zones. The results of this

study also emphasise the importance of a mosaic of fluvial landforms for

creating habitats for rare species in that rare species were most commonly

found in the backwater, point bar, abandoned channel and abandoned point bar

landforms.

Temporal analysis of patterns of change in habitat patches has shown that the

mosaic of habitat types has become more complex over time thus increasing

habitat type richness within the valley floor. However, this increase in richness

is at the expense of the evenness of patch distribution and habitat patches are
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now considerably more fragmented in the post 1968 records. Changes in area,

shape and connectivity of patches lead to changes in species richness,

distribution and persistence of populations (Franklin and Forman, 1987).

Therefore it may be concluded that understanding the ecological principles of

changing pattern is important for nature conservation and landscape planning

(Hulshoff, 1995).

Historical analysis dating back 250 years 'suggests that the Tummel valley

floor was once dominated by the semi-natural habitat types that presently

occur as relatively small and scattered fragments. These semi-natural areas

occur where the river has historically been left partially unconstrained or

where the straight-jacketing of the river by flood embankments ceased due to

repeated breaching. Thus river regulation has significantly reduced the

landscape diversity value within this valley. However, cultural land use is

protected whilst also allowing zones for nature conservation along this river.

Future floodplain management should adopt a similar approach as suggested

by Gilvear et al. (1995a) whereby 'washlands' (where fluvial processes are

allowed to dominate) and 'drylands' (where human activity is prioritised) are

allocated within the floodplain.

Both geo- and pedo-diversity lead to habitat mosaicism and influence the

pattern of plant communities which develop. The spatial distribution of

species has been found to vary according to geomorphic units within the

valley floor (Tabacchi et al., 1996). However little research has been directed

into quantifying the spatial and temporal patterns of geomorphic and
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pedological heterogeneity and the integration of diversity results to derive an

overall assessment of landscape diversity within alluvial valley floors. This

research has contributed to research into floodplain diversity patterns via the

main aim of this research. That is to investigate the spatial and temporal

patterns of geodiversity, pedodiversity and biodiversity (flora only) within

alluvial valley floor landscapes in order to provide a more comprehensive

evaluation of landscape diversity. The shortfall of the research is through the

diffculty in assessing past spatial variation in pedodiversity as it is difficult to

map pedological variation within dynamic alluvial valley floors without field

investigation and quantitative data. However, depending on the degree of

accuracy required, there is the potential of mapping crude taxonomic

boundaries on wandering gravel-bed rivers from historical aerial photograph

records based on particle size texture and estimates of the degree of

pedological development inferred form the stage of vegetation development.

Riparian and floodplain habitats are among the most threatened habitats due to

the intense demand for land nationally for development needs. There is a

distinct urgency for floodplain zones to be protected and rehabilitated where

possible. Thus the allocation of washlands and drylands will enable cultural

landuse within the floodplain whilst preserving or restoring ecological niches

for wetland communities. With the European directives on biodiversity in

place and the forthcoming Water Framework Directive, effort should be

targeted into promoting the preservation of river systems and improvements of

habitat quality. Such an effort, however, has to be based on reliable scientific
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understanding of river ecosystems and hence the need for research such as

found within this thesis.

6.2. Wider implications and major outcomes of the research

6.2.1. Evidence for accepting or rejecting the null hypotheses

6.2.1 a. Hypothesis 1 a: Geomorphic landform heterogeneity is a major control

on the botanical and pedological diversity within semi-natural zones within

alluvial valley floors

The research has shown that the patterns of diversity of the landscape

components are highly complex in dynamic riverine environments with a long

history of channel change. However, the patterns of landscape diversity do

tend to be structured within the geomorphic land units within the valley floor

thus leading to the acceptance of the alternative hypothesis stated above.

Where the geomorphic heterogeneity was lower, the research revealed that the

diversity of substrate types and plant communities was also lower.

6.2.1 b. Hypothesis 1 b: Plant community type, vegetation composition and

species diversity respond to an environmental gradient of elevation, substrate

particle size and soil depth within alluvial valley floors

The analysis proved this hypothesis to hold true therefore the null hypothesis

is rejected as strong correlations were derived between the species data and

indices with elevation, substrate particle size and soil profie depth.

314



6.2.1 c. Hypothesis 2: The scale and pattern of botanical and pedological

variation mirrors the scale and patterns of geomorphic landforms within

alluvial valley floors

The outcomes of this research do not support the hypothesis sta'ied above,

therefore the null hypothesis should be accepted. The spatial arrangement of

botanical and pedological heterogeneity is found to vary within the meso-scale

landform types. Thus other factors, or micro-scale landforms, are important in

controlling the spatial arrangement of pedological and plant community

development within the land units. These factors could relate to the distance

from, relative position and connectivity of the landform with the main river

channel which wil in turn influence the frequency of inundation, and the time

since fluvial disturbance.

6.2.1d. Hypothesis 3: Partial stabilisation of the jloodplain land units as a

result of river regulatioii increases landscape diversity and botanical diversity

within floodplain environments

The analysis revealed that landscape richness has indeed increased rapidly as a

result of partial stabilisation of the floodplain landforms However, this

increase in richness has been at the expense of a loss of evenness of the

landscape patches. This has led to a more fragmented landscape with small

patches as opposed to a landscape dominated by early successional stages

within the semi-natural zones, of which these patches were relatively large and

isodiametric in shape. The frequent disturbance prior to river regulation

however restricted the development of carr woodland, which has significantly
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increased in coverage in the latter half of the 20th century. The constraining of

the channel has had the impact of reducing the physical diversity of the valley

floor in that fewer mid-channel bars and mature islands are present within the

valley.

6.3. Relationships of the findings to the scientific literature

6.3.1. Channel change

The findings of this research has revealed many relationships which hold

congruence with the findings of other authors researching floodplain dynamics

and the spatial organisation of plant communities within river valley floors.

For example the results are in agreement with findings of Bornette and

Amoros (1996), Chiarello et al. (1993) and Nilsson et al (1991) that landscape

diversity patterns within alluvial valley floors are directly linked to channel

dynamics and the spatial organisation of land units and variations in floodplain

substrate particle size. The spatio-temporal heterogeneity typical of semi-

natural floodplains makes them among the most species rich environments in

temperate zones (Ward et al. 1999).
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6.3.2. Substrate particle size and inundation

Plant community type and floristic diversity proved to hold strong correlations

with pedological and topographic heterogeneity. The pedological properties

influencing the spatial patterns of plant community type and composition are

in agreement with Cellot et al. (1994) and Nilsson et al. (1991) in that

substrate particle size plays an important role in colonisation. Cellot et al.

(1994) also reported OMC to have an important influence upon the spatial

patterns of plant communities within floodplain environments. This

relationship was not found to be of major influence within this research.

However, the degree of soil profie development was found to be a significant

variable whereby plant communities tend to be arranged not only according to

elevation and the particle size matrix, but also along a gradient of increasing

soil depth.

The spatial distribution of the key variables shown to influence the spatial

organisation of species and plant communities are related to each other in that

eleyation wil influence substrate deposition patterns and drainage, and

substrate size will in turn influence the moisture retention capacity. These

variables will determine the frequency of inundation which in turn influences

the spatial patterns of vegetation development (Wassen, 1997). Hydrological-

geomorphological-ecological interactions in the landscape are thus of

paramount importance. Areas prone to flooding also provide ecologically

important habitats as they create a niche for species with physiological
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adaptations which have been deprived of suitable habitats through the history

of catchment management practices.

6.3.3. Elevation and inundation

Baker (1990) found no significant relationship between species richness and

elevation, in part because trees and shrub richness decreases with an increase

in elevation and the loss of riparian habitat causes a loss of species richness.

The results of this study found a relationship between species and elevation

and revealed a negative correlation between tree cover and elevation. This

reinforces the need to preserve low-lying fluvial landforms and allow the

establishment of riparian woodland along river corridors to locally enhance

species richness. In contrast to the findings of Baker (1990), Menges and

Waller (1983) demonstrate how floodplain herbs are very sensitive to only

very small differences in elevation and show that competitive plants colonise

the more elevated areas of the floodplain through to less competitive but stress

tolerant species at the lower elevations. These patterns were also reported by

Coates (1915) whereby he described plant succession in relation to elevation

differing on a 'descending scale of toughness and hardiness'. The primary

controls on the maintenance of landscape diversity within alluvial valley floors

are summarised in Figure 6.1.
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Figure 6.1: Simplified flow diagram of the relationships between geomorphic

and pedological heterogeneity in creating biodiversity within alluvial valley

floors.
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6.3.4. Timescales of change and development

Active geomorphic processes cause a shifting mosaic of habitats which

enhances temporal diversity due to changes in the distribution and extent of

landscape patches. The importance of geomorphic heterogeneity in creating

landscape diversity is consistent with the findings of the amateur naturalist

Coates (1915) on the Tummel floodplain and also with studies on other

Scottish river systems such as the scientific work of Forster and Green (1985)

on the River Dee and Gilvear et al. (2000) on the River Feshie. The research

revealed that the patterns of plant succession on the River Tummel also show

similar trends to those described on the River Feshie by Gilvear et al. (2000).

On the Feshie a low level of disturbance for five years is suffcient for

heath/grassland communities to develop and a period of 15-25 years is

required for woodland establishment. Similar time-scales of development were

also observed in the temporal analysis of vegetation development in Chapter 5.

Habitat patches with the highest diversity tend towards those that have been

colonised for about 20 years.

6.4. Floodplain management and nature conservation

Wide-scale flooding events within the UK and the rest of Europe over recent

years, such as the 'Easter floods 2000' in the UK, have raised awareness of the

functioning and management of floodplain environments. In addition EU

directives on biodiversity and the forthcoming Water Framework Directive

also address the functioning and management of riverine systems. Member
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states will soon be required to set habitat quality targets for the management of

river systems. Therefore detailed understanding of riverine habitats is

fundamental to the implementation of realistic and appropriate habitat goals

within floodplain environments. A further need is to translate the knowledge

of floodplain functioning and management needs to the district council 
level in

order to ensure that environmentally sensitive and sustainable management

schemes are adopted within Local Biodiversity Action Plans (LBAPS) and

regional planning.

In light of the recognition of the ecological value of floodplain environments

and increased political wil to protect riverine systems, floodplain management

needs to be focused on highlighting zones of high landscape diversity and to

prioritise the largest areas with greatest connectivity and habitat quality for

nature conservation (Nilsson, 1992). In addition the demand for agricultural

use of floodplains has declined in recent years due to the excess of agricultural

land within the EU (c.f. Harper et al., 1995). This provides an ideal

opportunity to restore or rehabilitate river and floodplain dynamics, to

reinstate connectivity and thus restoring ecosystem integrity ultimately

creating habitats of high nature conservation value. River corridor

rehabilitation could make a major contribution to providing for the increasing

demands for recreation, amenity and nature conservation. This research has

shown that a rich mosaics of habitats of high diversity value can be naturally

restored over relatively short time-scales (approximately 100 years) on

wandering gravel bed rivers with no or little financial cost. In addition for

successful restoration or rehabilitation schemes it is essential to understand the
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existing semi-natural fragments of floodplain habitats in order to determine the

essential habitat requirements. This research has studied the spatial patterns of

diversity, the structure of the vegetation types and the interrelationships

between the components of landscape diversity. Such information can be

extrapolated and be incorporated into developing essential habitat

requirements for rehabilitation schemes.

Restoration is high on the agenda of many countries (Hughes, 1997; Petts,

1994; Ward et al., 1999). Within Europe there is legislation requiring member

states to conserve the flora and fauna and natural beauty of the landscape and

enhance wherever possible. The Water Framework Directive wil further

support the drive towards nature conservation once implemented. Ward et al.

(1999) emphasise the need to implement sound ecological river-floodplain

management in order to prevent succession occurring along a single pathway

without rejuvenation thus requiring detailed knowledge of the functioning of

these systems.

6.5. Methodological development for assessing floodplain landscape diversity

The second mam aim of the research project described herein was the

development of a protocol for the assessment of landscape diversity within

alluvial valley floors. This was achieved by determining the merits and

limitations of the various analytical techniques used and the different

methodological approaches possible. A flow chart describing the

methodological approach formulated to analyse floodplain habitat diversity is
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given in Figure 6.2. The methodology is centred around aerial photograph

interpretation and mapping together with field survey and is likely to be

transferable most river systems. Only in some remote areas wil the absence of

sequential sets of aerial photographs prevent an historical analysis to be

undertaken. Vegetation types, patch boundaries and geomorphic land units can

easily and rapidly be mapped from aerial photographs and subsequently

groundtruthed provided the most recent aerial photographs are from recent

years and no major disturbance has occurred in the timespan between the

present day and the date of the photography. Pedological boundaries can also

be mapped on the basis of substrate size by defining a boundary between

coarse substrates (boulders, cobbles, gravel) from finer substrate (sands and

silts) and also inferring variations in soil profie depth based on the degree of

vegetation development.

Conceptual models of landscape diversity are presented in Figure 6.3. This

flow diagram assumes that the intermediate disturbance hypothesis holds true

for landscape diversity within alluvial valley floors based on the degree of

stability of the channeL. The intermediate disturbance hypothesis could be

tested using the methodology proposed for evaluating landscape diversity on

different river systems of similar scale but with differing degrees of

stability /instabili ty.
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Figure 6.2: Protocol for the assessment of floodplain landscape diversity

within alluvial valley floors based on aerial photograph examination and

landscape patch analysis.
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Figure 6.3: Conceptual model of the role of varying degrees of channel

stability/instability on the patterns of landscape diversity within alluvial valley

floors based on the assumption that the intermediate disturbance hypothesis

holds true.

High instability Intermediate stability (e.g.
(braided) active meandering,

anastomising, wandering
gravel-bed)

.. ..
Frequent Intermediate

disturbance regime disturbance regime

l l
Frequent shifting Shifting mosaic of

mosaic of landforms landforms
and channel change ~

.. ~ ..
Pedodiversity Geodiversity Pedolog

homogen

,Ir ,Ir

Arrested Partial Zones of~ succession at stabilisation of active erosion
early seral landforms and

stages deposition

.. .. ..
Pioneer and Ecological Pioneer and

flood tolerant succession flood tolerant
species species

.. . ..
Landscape dominated Diversity of

by pioneer successional
communities stages

.. ..
Intermediate Heterogeneous

landscape patch landscape
richness

.. ..
Intermediate High landscape

landscape diversity diversity

325

Stable
(e.g. stable

meandering,
constrained channel)

Low disturbance
regime

Static geomorphic
landscap:

ical Loss of
eity geomorphic

heterogeneity

Ecological
succession

Climax
vegetation

Loss of rare,
unique and

pioneer

Homogenous
landscape

Low landscape
diversity



Various methodological and logistic diffculties were experienced throughout

the duration of the field sampling, which can only be expected when

undertaking fieldwork on dynamic river systems. The first major diffculties

arose from the complexity of the vegetation types within the study area, in

particular the density of growth. The dense carr woodland and scrub made

visibility and access diffcult for the location of sampling points. It is such

field-based diffculties that favour the automated assessment of such

environments through the use of aerial photography and remote sensing data.

Secondly, high rainfall and consequently high flows throughout the second

and third field season further restricted access and created diffculties for field-

based studies. This again promotes the use of remote sensing techniques for

floodplain studies. Remote sensing also has the added benefit of being able to

evaluate landscape patterns over much larger spatial scales.

Although geostatistical analysis yielded useable results, such dynamic

landscapes with high levels of spatial heterogeneity over relatively short

distances do not lend themselves to the effective application of geostatistics.

This is due to the presence of non-stationarity within the data as a result of

anisotropic variation brought about by geomorphic heterogeneity. Within the

context of British rivers the scale of the geomorphic landforms are typically

too small for the effective application of geostatistics as a means of

introducing optimal sampling strategies. This is because intense sampling

needs to be undertaken over very short distances firstly to derive a large

enough data set required for building semivariograms, and secondly to

incorporate the high degree of heterogeneity in order to model spatial
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dependence. However, on larger river systems found within the continents

geostatistics may be a useful tool for minimising sampling within floodplain

environments. The scale of geomorphic features are considerably greater on

large continental river systems than on British rivers, therefore this may

reduce the problem of anisotropy within the semivariogram models. The

application of geostatistics to the analysis of heterogeneity within alluvial

valleys could therefore be further tested on larger river systems.

The kriging results revealed that the sampling intensity (15.5m) was adequate

for incorporating the degree of spatial heterogeneity within the study area.

These results suggest that a less intense sampling strategy for determining the

spatial patterns of heterogeneity would introduce too much variance into the

results. An increase in variance would therefore lessen the ability to produce

robust statistical models from the data.

6.6 Further research

Current and forthcoming legislation focusing on the management of river

systems gives impetus for further research into the ecological functioning of

fluvial environments. This research has provided strong predictive models

which can be developed and improved in order to model floodplain ecosystem

functioning on other river systems. More specifically the following areas of

research could prove fruitfuL.

(i) The proposed protocol for the assessment of landscape diversity

within alluvial valley floors could be tested on different rivers of
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similar scale but with differing stability in order to determine the role

of channel stability in creating landscape diversity.

(ii) Research into the physical, pedological and biological processes

controlling diversity to complement knowledge on the patterns of

spatial heterogeneity.

For example substrate heterogeneity proved to be a major control on the

spatial patterns of species richness, but little is known about rates and patterns

of sedimentation on many river types and how substrate stability affects

vegetation colonisation and survivaL. Further work on the role of coarse woody

debris in influencing sedimentation, and thus providing a nucleus for

colonisation is another area where research could prove fruitfuL. Further

research could also be focused on understanding the processes operating in

creating the conditions suitable for the presence of the rare species in order to

manage nvers effectively to incorporate and sustain their presence within

catchments.

(iii) Assessing geomorphic processes and spatial and temporal patterns of

diversity within a GIS framework and testing the methodology on

rivers over a range of spatial scales and differing morphologies.

This can be achieved through the combination of the methodologies for

landscape diversity assessment with existing theoretical models of patterns

and rates of channel change. The outcomes of such research could be applied

to environmental impact assessment by predicting the impact of channel works

or other planning applications on the ecological integrity and diversity of the

valley floor.
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(iv) Re-analysis of the data to compare the results of statistical analyses

when taking autocorrelation into account.

(v) Testing the validity of using remote sensing imagery for the

assessment of landscape diversity and channel change dynamics.

Analysis could also be undertaken to determine the most efficient scale of

resolution of remote sensing data for fluvial and floodplain dynamics research.

Such research has the potential of quantifying the spatial pattern of habitat

quality at the catchment, regional and national scale.

(vi) Long-term monitoring of river systems to examine the rates of change

to aid the understanding of the functional and temporal dynamics of fluvial

systems.

Overall, research into floodplain functioning should continue with the aim

towards producing robust scientific models which explain and predict

floodplain landscape diversity in differing environmental settings and

development scenarios. Such models if developed will prove to be very

valuable for sustainable river and floodplain management and for the

protection of biodiversity.
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Appendix 1

Definitions of key words used in this thesis.

Abandoned channel: A former river channel which is only periodically inundated

during high flows.

Abandoned point bar: A depositional feature created by the river, composed of the

channel substrate which is no longer connected to the river due

to channel change.

Backwater: Remnant of a former channel, permanently inundated and

connected to the main channel at the downstream end.

The number (richness) and distribution (evenness) of species

(flora only) and plant communities within the study area, and

the shape of the patches of the plant community types.

Connectivity refers to the interactions and linkages of the

fluvial hydrosystem in the longitudinal, lateral, and vertical

dimensions.

Biodiversity:

Connectivity:

Diversity: The number (richness) and distribution (evenness) of the

components of the landscape (i.e. flora, soil/substrate types and

landforms), and the shape of the patches of the landscape

components. Diversity in this study incorporates analysis down

to the species level (alpha diversity) as well as analysing the

diversity of and between defined assemblages of the data, e.g.

plant community, landform, soil group (beta diversity).
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Ecotone:

Embankment:

Floodplain:

Geodiversity:

Pedodiversity:

Point bar:

Riparian zone:

The transition between two or more contrasting landscape

patches. The term ecotone is applicable to all structural and

biotic components of the landscape.

An artificial feature created to increase the capacity of the

channel during high flows thus preventing water spilling onto

the floodplain.

The relatively flat land lying either side of a river beyond the

first major break in slope from the river bank. The floodplain in

this thesis is examined at the meso-scale, thus does not

incorporate the micro-scale biotopes of former alluvial features

which it is composed of.

The number (richness) and distribution (evenness) of the

variety of geomorphic land units within the study area, and the

shape of the patches of the land units.

The number (richness) and distribution (evenness) of the

variety of pedological units within the study area, and the shape

of the patches of the pedological units.

A depositional feature created by the river found on the inside

of a meander bend composed of the channel substrate.

Reference to the vegetation and the land that occurs along the

banks of the river.
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Appendix 2

Appendix 2.1: Criteria for the selection of study areas

FLOODPLAIN BRAIDED WANDERING MEANDERIG CHANNELS
FEATURES CHANNELS GRAVEL BED 

CHANNELS

FLUVIAL! Shifting Evidence of River migration
GEOMORPHIC channels channel adjustment

FEATURES and channel
avulsion

Abandoned Abandoned Abandoned channels, meander cut-
channels and channels and offs, ox-bow lakes, infilled ox-bows

palaeochannels backwaters

Bank erosion Bank erosion, Undercutting of banks and deposition
deposition, and

channel
movements

Gravel bars, Shifting gravel bars Point bars on meander bends
islands and islands

Evidence of deposition on the fioodplain

Complex f100dplain stratigraphy and topography resulting from channel
dynamics

Levees,
meander
scrolls etc

VEGETATION Mosaic of plant communities at different successional stages Mosaic of

plant
communities

Variety of land use or land cover pattern, semi-natural habitats and cultural
land use

SOILS Area of the fioodplain with an absence of ploughing 

HISTORlCAL Historical records available for the site, monitoring of the site, aerial
photographs available
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Table 2.2: Criteria for the selection of study areas based primarily on
geornorphic features.

VALLEY SITE DETAILS
FEATURES

Valley shape

Valley width

Floodplain width

Landforms

Land use

Vegetation

Plant succession

Discharge

General description

Other features
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Table 2.3: Floodplain and Channel Features

V ALLEY FEATURES PRESENT SITE DETAILS
/ABSENT

Floodplain characteristics:
flat/undulating

Terraces

Palaeochannels: vegetated

unvegetated

Backwaters

Abandoned channels:
vegetated

Unvegetated
Channel avulsion

Active bank erosion

Active deposition

Overbank vertical accretion

Abandoned channel accretion

Lateral accretion

Channel migration

Islands

Gravel bars

Bare gravel

Unvegetated gravel bars

Vegetated gravel bars

Riffes (shallows)

Pools (deeps)
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Appendix 3.
Floristic tables of species data from Tomdachoile Island SSSi,

Table 3.1: TWINSPAN end group 1, SHhr community

Code Environmental variables DS J8 K6 K7 L6 MS M6 L7 14 18 19 J7 J9 0

4 Elevation, (m) 2.94 3,24 2,90 3,12 0,78 2,07 3,52 3,25 0,56 2,68 2,71 2,72 3,827 Soil depth, (cm) 0 0 0 0 0 0 28 20 0 20 15 25 25
9 Tree height, (11) 7,1 5.8 6,1 5.4 2,6 3.3 3. I 2,9 0.0 6,0 3.3 5,0 5.5

10 Shrub height, (m) I I I I 1 I I 2 I 2 I 1 II I Herb height, (cm) 0 5 10 5 5 5 15 5 10 10 5 5 10
12 Moss height, (1111) 0 3 3 3 4 4 3 3 3 4 3 3 2
1 3 Tree cover (%) 25 5 5 10 5 5 10 5 0 10 15 5 5
14 Shrub cover (%) 5 5 5 5 5 5 5 80 5 5 5 20 5i 5 Herb cover (%) 0 33 50 10 60 65 75 80 50 75 90 80 80
16 Moss cover (%) 0 15 20 30 70 25 30 30 30 20 20 20 30
17 soil pH * * * * * * 5,0 5.1 * 5,2 5,0 5,2 5,621 Bare rock (shingle) 0 80 0 75 45 35 0 0 50 10 0 10 022 Bare soil (including sand) 0 0 60 0 0 0 15 10 0 0 10 10 5
23 Open water (%) 100 0 0 0 0 0 0 0 10 0 0 0 034 SMC % dry weighi 0,00 0,00 0.00 0.00 0.00 0.00 5.78 7.10 0.00 17,04 11.67 8.46 4.49
35 SOMC % dry weight 0,00 0,00 0,00 0,00 0,00 0.00 3,12 4.48 0,00 5.31 4,69 5.35 3,22
42 MEAN -2 -3 -3 -4 -4 -2 -3 .6 -I -4 -2
43 MINDOM .2 -4 .1 -4 5 5 -4 5 5 5 544 MAXDOM -8 -7 .8 .8 -7 -4 -7 -8 -4 .7 .4
45 MODOM .6 .7 -7 .7 .7 -4 -7 -8 3 .7 346 MEDOM -2 -3 .2 -4 .4 I -3 .6 2 -4 I
47 Range 0.0 248,0 0,0 158,6 253,0 224,5 179,9 15.9 106.6 15,9 15,9 15,9 15.9
48 Heterogenity 0 I1 0 7 14 7 12 10 6 10 10 10 10
66 Tall herb height, (cm) 0 0 0 0 0 0 0 0 0 70 50 80 60
67 Tall herb cover (%) 0 0 0 0 0 0 0 0 0 50 25 20 60
68 Litter (%) 0 0 50 10 25 5 10 20 5 10 2 20 5

Species name
371 Cellaurea iiizra 3 4 2 3 4 4 5 4 4 4 4 4 V
171 Aiithoxaiithum odoratum 3 3 3 2 3 5 5 4 4 3 5 V
237 Betula fJelidula (c) 4 2 2 1 I i 2 2 2 2 2 V

1333 Thymus drucei 3 5 3 5 4 4 6 3 4 8 5 5 V
965 Pilosella offciiiarum azz 4 6 5 5 5 5 6 2 5 3 5 5 V

1928 RacomitriulJ canesceiis 4 3 5 7 5 4 4 i 1 iV
1363 Vlex eurOfJaeus (s) 2 2 1 i i 2 2 2 2/V
576 Festuca rubra i 2 i 5 6 4 6 6 5 6 iv

2601 AceI' fJseudoplatalius (g) i 2 2 i i 2 2 1 2 2 iV
1193 S. scoparius (s) 2 3 3 2 2 3 9 3 3 4 iV
701 Hypericum perroratum 3 2 2 2 i i 4 2 4 21V

2628 I Quercus robur (Z) i i i 1 i 1 1 i i iv
1638 Dicraiiuii sCOjriuli 4 4 5 5 5 5 5 4 3 iV
1270 Solidazo virgaurea 2 4 3 4 3 i 5 2 2 2 IV
1761 Hylocoiiium sfJlelide/ls 4 5 5 4 5 5 5 ii
2802 Betula seedliiig/sp 2 2 i i 2 i ii
914 O/lo/lis refJe/ls 2 3 3 3 2 i 2 III
773 LefJidiuli heterofJhylluli 2 1 i 2 3 4 ii

2602 Aliius zlutùiosa (s) i i i 3 1 i i ii
278 CallUlia vulgaris 2 2 2 4 2 2 ii

1914 P. puruii 2 2 1 2 2 2 2 ILL
197 Arrheiiatheruii elatius 2 3 2 3 3 11
613 Galiiiii veruii

4 4 3 5 11
153 A III us zlutùiosa (c)

2 i i 11
1940 R. SQuarroslis

3 5 4 II
680 Holciis laiiatus 2 5 4 2 3 II
988 Poa prateiisis i 2 4 4 5 II

1296 Stellaria zramùiea
i 5 4 3 2 II

973 Pla/llazO la/lceolata
4 4 4 4 11

1175 Salix liyrsùiiflia i 2 i 1 11
127 Aiuza reptall

i i 3 II
403 C leucaiithemiim i 1 1 2 1 11

2607 Betula peiidula (g)
i 2 i 2 11
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Code Species name OS J8 K6 K7 L6 MS M6 L7 14 18 19 J7 J9 0
804 LupùlUs polypliyllus I 6 6 5 ii
445 Cratae£us mOIlO£jllia (s) 1 1 I I I ii

1064 PrUllUs oadus (sJ 1 I 1 1 1 II
1140 Rumex acetosella 1 1 4 1 2 ii
2612 FQf!uS svlvatica (! I 1 1 1 II
2776 Euplirasia iiemorosa

1 2 3 2 I ii
174 Alltlivl/s vuliieraria

1 2 2 II
2613 Fa£us svlvatica (£) 1 I 1 ii
1401 Veroiiica o(fcùialis

1 1 I
574 Festuca oviiia 3 I
812 Luzula sylvatica 4 I
800 Lotus comiculatus

3 2 1
889 Mvosotis scorpio ides 2 I
419 Cirsium vulgare

1 I
1350 Trifolium repeiis

2 3 I
1106 Rliùiaiitlius miiior

1 I
1239 Seiiecio iacobaea

1 1
1807 Pla£iomiiium uiidulatuii

3 3 I
654 H cliamaecistus

2 1
2605 Betula oubesceiis (£)

3 I
990 Poa trivia lis 3 I

1136 Rubus (ruticosus a£g
3 1 I

1256 Sileiie maritima 2 2 I
1308 SvmoliVlum offciiiale

I I
1429 Viola riviiiiaiia

2 2 I
1396 Veroiiica cliamaedrys

3 I
1051 Potellila sterils

1 I
2764 Rubus idaeus (1!)

3 I
236 Betula oubesceiis (c)

2 I
583 Filoeiidula ulmaria 2 I
708 ¡moatieiis glaiidulifera 2 I
477 Descliampsia cespitosa 3 I
455 Galium cruciata 4 1
465 Dactvlis £lomerata

3 I
103 Acer oseudoolataiius (c)

I 1
681 Holcus mol/s 2 I
104 A cliilea mile(olium 4 3 I

1056 Primula veris
1 1

1321 Teucrium scorodoiiia 4 5 I
167 A ii£elica svlvestris

1 I
955 Plialaris arUlidùiacea

2 I
3127 Hieracium perprOoillQUUlII 1 I
1432 Viola tricolor

2 I
251 Briza media I I

2603 Aliius £lutùlOsa (1!)
1 I

1169 Salix ciiierea (s)
1 2 I

288 Camoaiiula rotUlidi(olia 1 I I
482 Di£italis ourourea I 1 1
782 Liiiaria reoeiis 2 I

1259 Sileiie vulgaris 4 I
1349 Tri(oliUlII prateiise

2 1
1888 Polvsticlium aculeatum 1 1 I
2023 T. ruralis sso ruraliformis I I 1
2614 FraxùlUs excelsior (s) I 1 I
2639 Vlex europaeus (1!)

1 I
3042 S. scoparius (1!)

I 2 I
481 Diaiitlius deltoides

1 I
968 PùllOùiella saxifra£a

1 I
971 PÙIUS svlvestris (c)

1 I
1137 Rubus idaeus 2 I
2620 PÙIUS svlvestris (1!) I 1

Number of species per sal1ple 2 28 27 23 22 23 28 16 37 41 34 30 32
Mean number of species per sal1ple is 26.38
The standard error of the l1ean is 2,749
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Table 3.2: TWINS PAN end group 2, W23a community

Code Environmental variable Dl2 E9 JIO K8 K9 L8 L9 M8

4 Elevation, (m) 2.40 2.22 3.24 3.97 3,82 1.81 3.27 3.19
7 Soil depth, (cm) 0 20 25 50 30 90 70 95
9 Tree height, (m) 0,0 10,6 13,9 11. 13,9 9.6 10.9 0.0

10 Shrub height, (m) 1 1 1 1 1 2 2 2
11 Herb height, (cm) 5 15 10 10 15 5 5 5
12 Moss height, (mm) 0 3 2 1 3 3 3 3
13 Tree cover (%) 0 10 5 5 5 5 5 0
14 Shrub cover (%) 5 25 75 50 50 75 75 75
15 Herb cover (%) 10 50 50 90 75 80 60 95
16 Moss cover (%) 0 30 20 40 10 30 15 30
17 Soil pH * 5.6 4,8 4.6 5.0 4.3 4.2 4.3
21 Bare rock (shingle) 90 0 0 0 0 0 0 0
22 Bare soil (including sand) 0 50 5 5 2 0 0 5
34 SMC % dry weight 0.00 29,04 12,80 5,35 4.72 8.86 3.83 14.55
35 SOMC % dry weight 0,00 5,84 6,88 3.07 3,13 3,25 3.28 3,02
42 MEAN 8 0 i 2 -2 3 -2 0
43 MINDOM -2 5 5 5 5 5 5 5
44 MAXDOM -8 -3 -4 -1 -4 -2 -4 -3
45 MODOM -7 1 3 2 -4 3 2 2
46 MEDOM -3 1 2 2 .1 3 2 3
47 Range 250.40 7.94 15,94 1.94 15.94 3.94 15.94 7.94
48 Heterogeneity 12 9 10 7 10 8 10 9
66 Tall herb heilZht, (cm) 70 60 60 80 100 100 100 90
67 Tall herb cover % 15 50 50 90 85 85 95 75
68 Litter % 10 20 5 25 5 5 5 75

Species name
197 Arrhenatherum elatius 3 6 7 6 7 5 6 8

1193 Sarothamnus scoDarius (s) 6 6 8 8 7 8 8 8
576 Festuca rubra 6 7 1 8 5
371 eentaurea nù!ra 5 3 2 5 2

1396 Veronica chamaedrvs 4 4 1 3 3
1296 Stellaria "raminea 5 2 4 1 2
1940 Rhytidiadelphus squarrosus 4 4 5 6 4 6
1761 Hylocomium splendens 5 4 6 4 4 4
988 Poa Dratensis 5 4 5 5 5 3
237 Betula Dendula (c) 2 1 2 1 2

1139 Rumex acetosa 1 1 4 2 2
680 Holcus lanatus 3 4 7 5

1051 Potentila sterilis 2 1 1 3
2954 Rosa rubi"inosa 2 2 1 1

103 AceI' pseudoplatanus (c) 1 1 1
681 Holcus molls 7 5 7
701 Hypericum Der(oratum 1 1
104 Achilea milefolium 4 2
630 Geranium robertianum 5 4 5

1056 Primula veris 5 5
1321 Teucrium scorodonia 3 2
973 Planta"o lanceolata 4 4 4

2764 Rubus idaeus (R) 2 1

613 Galium verum 4 2 2
477 Deschanwsia cesDitosa 4 4 4

1254 Silene dioica 2 1
482 Di"italis pU/1Jurea

1 1 1
1363 Ulex europaeus (s) 1 2 2
1368 Urtica dioica 7 1
522 Epilobium montanum 2 2
884 Myosotis arvensis 2 2 1

1432 Viola tricolor
1 2

1429 Viola rivùiiana
5 5

1136 Rubus fruticosus al!l!, 2 3 3
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Code Species name Dl2 E9 JIO K8 K9 L8 L9 M8
167 An"elica sJllvestris 3

127 Aiu"a reptans
1

1293 Stachys sylvatica 5
288 Campanula rotundirolia I

2003 Thuidium tamariscinum 4
914 Gnonis repens 3

773 Lepidium heterophvllum 2
2607 Betula pendula (,,) 1

1239 Senecio iacobaea 1

414 Cù'caea lutetiana 6
1807 Pla"iomnium undulatum 3
1297 Stellaria holostea 4
295 Cardamine pratensis 1

990 Poa trivia lis 4
574 Festuca ovina 2
891 MJlosotis sylvatica 2
834 Malus sJllvestris (s) 1

981 Poa annua 1

1337 Torils iaponica 2
153 Alnus "lutinosa (c) 4
171 Anthoxanthum odoratum 4

1175 Salix myrsinifolia I

583 Filpendula ulmaria 4
465 Dac/Jlis "lomerata

1

1305 Succisa pratensis
1

605 Galium aparine 4

Number of species per sample 12 25 27 23 21 13 18 13
Mean number of species per sample is 19,00

The standard error of the mean is 2.079
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Table 3.3: TWINSPAN end group 3, W23 community

Code Environmental variable El2 F9 Fll H9 Hll Hl2 no 0

4 Elevation, (m) 2.60 1.61 2.94 2.99 2,08 3.05 2.73
7 Soil depth, (cm) 0 25 25 12 20 17,5 15
9 Tree height, (m) 2,43 2,93 2.62 3.64 4,68 4.58 3.53

10 Shrb height, (m) i 1 1 1 i 1 1
11 Herb height, (cm) 15 15 5 10 5 10 10
12 Moss height, (mm) 2 3 0 2 3 3 2
13 Tree cover (%) 10 25 20 95 80 50 50
14 Shrub cover (%) 25 5 5 5 5 5 5
15 Herb cover (%) 90 50 25 40 33 75 75
16 Moss cover (%) 2 15 0 2 30 10 50
17 Soil pH * 5.5 5.0 5,5 5.5 5.1 5,0
22 Bare soil (including sand) 5 5 50 20 0 5 20
34 SMC % dry weight 0,00 24.83 35.67 15.06 7.15 3,48 10.99
35 SOMC % dry weight 0.00 3.66 4,32 5.19 5,77 3.95 6,64
42 MEAN 0 2 -2 2 -2 3 1
43 MINDOM 0 5 5 5 5 5 5
44 MAXDOM 0 -4 -4 .2 -4 .2 -2
45 MODOM 0 2 3 3 -4 3 2
46 MED OM 0 2 2 2 -1 3 2
47 Range 0,00 15,94 15.94 3,94 15.94 3.94 3.94
48 Heterogeneity 0 9 10 8 10 8 8
66 Tall herb height, (cm) 100 75 80 100 60 75 100
67 Tall herb cover % 90 95 50 60 75 90 30
68 Litter % 10 10 25 5 2 5 25

Species name
680 Holcus lanatus 4 5 4 5 4 5 V

1429 Viola rivùiiana 4 3 3 1 3 3 V
576 Festuca rubra 7 7 4 5 6 4 7 V
153 Alnus zlutinosa (c) 2 4 3 3 3 2 1 V
371 Centaurea nizra 6 7 5 5 4 6 6 V

1136 Rubus (ruticosus azz. 3 3 2 3 3 2 V
104 Achilea milefolium 2 3 2 1 4 4 V
403 Chrysanthemum leucanthemum 1 2 1 3 4 1 2 V
973 Plantazo lanceolata 4 3 3 5 5 5 V

1175 Salix mvrsinifolia i 1 3 2 1 iv
2764 Rubus idaeus 6;) 2 3 2 1 1 iV

477 Deschampsia cesoitosa 4 2 2 5 5 iV
465 Dactylis zlomerata 4 4 2 3 2 iV
701 Hypericum per(oratum 3 3 2 3 2 iV
804 Lupinus polyphyllus 3 7 6 8 7 iV
197 Arrhenatherum elatius 6 5 5 rr

1396 Veronica chamaedrvs 3 2 1 rr
1296 Stellaria zraminea 4 4 2 3 rr

171 Anthoxanthum odoratum 3 4 5 rr
1940 Rhytidiadelphus squarrosus 3 4 6 4 1I
1761 Hylocomium splendens 4 3 4 7 1I
988 Poa pratensis 4 5 4 1I

1081 Ranunculus acris 3 4 2 1 rr
237 Betula oendula (c) 7 8 5 2 1I

1193 Sarothamnus scooarius (s) 4 3 3 1I
613 Galium verum 3 3 2 rr
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Code Species name Eii F9 Fll H9 Hll H12 HO 0
455 Galium cruciata 4 4 3 2 II
605 Galium aDarine 4 4 1 II
630 Geranium robertianum 4 2 1 1 II

1139 Rumex acetosa 2 3 1 4 II
889 Myosotis scorpio ides 2 2 3 II
127 Aiuza reptans 4 4 3 II
955 Phalaris arundinacea 5 3 4 II

1169 Salix cinerea (s) 2 1 2 1 II
1270 Solidazo virzaurea

1 2 1 1 II
1305 Succisa Dratensis 4 3 II
583 Filipendula ulmaria 3 2 II
681 Holcus mollis 3 3 II

2954 Rosa rubizinosa
1 1 II

1056 Primula veris
1 3 II

1321 Teucrium scorodonia 3 2 II
123 Azrostis caDillaris

8 2 II
1254 Silene dioica

1 2 II
1360 Tussilazo farfara 5 2 II
288 Campanula rotundifolia 3 2 II
965 Pilosella offcinarum azz 3 3 II
606 Galium boreale 3 2 II
914 Ononis repens 4 4 II

2633 Sambucus nizra (z)
1 1 II

1239 Senecio iacobaea 2 2 II
730 Juncus effusus 3 3 II

2622 Prunus avium (z)
1 1 II

2950 Rosa canina (s)
1 1 II

729 Juncus conzlomeratus 2 I
1043 Potentila anserina

1 I
698 Hypericuiii humifusum 3 I
699 H)ipericum maculatum 3 I

1059 Prunella vulzaris 4 I
1293 Stachvs svlvatica 4 I
633 Geum rivale 4 I
431 ConoDodium maius

1 I
800 Lotus corniculatus

3 I
2628 IOuercus robur (z)

1 I
1363 Ulex eurODaeus (s)

2 I
2003 Thuidium tamariscinum

3 I
1333 Thymus drucei

2 I
414 Cù'caea lutetiana 1 I

1140 Rumex acetosella
1 I

2612 Fazus svlvatica (s)
1 I

2707 Vicia sativa 3 I
278 Calluna vulzaris 1 I
295 Cardamine pratensis 3 I
990 Poa trivialis 5 I

1308 Symphvtum offcinale 5 I
868 Mimulus zuttatus

1 I
1147 Rumex obtusifolius 1 I
1095 Ranunculus repens 3 I
1051 Potentila sterils

2 I
419 Cirsium vulzare 2 I
986 Poa nemoralis

5 I
708 Impatiens zlandulifera 3 I

2802 Betula seedlinz/sp
2 I

1350 Trifolium repens 3 I

Number of species per sample 27 29 31 34 37 32 34
Mean number of species per sample is 32,00
The standard error of the mean is 1,272
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Table 3.4: TWINSPAN end group 4, MOle community

Code Environmental variable C3 ILL 112 JII JI2 KIO KII KIl LIO LII LI2 M? '19 IHIO 1\'111 1\112 °

4 Elevation, (m) 2.5 4.06 3.35 3.26 3.29 3.22 2.84 3.27 3.24 2.80 3,21 3,49 3.17 3.24 2.50 3.03
7 Soil depth, (cm) "0 77 50 73 60 25 80 62 73 25 60 27 50 60 82 8J
9 Tree hei ht,lm) 20.6 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 2,6 0,0 0,0 0,0 0,0

10 Shrub height, Im) 0 I I I 0 I I 0 I 0 0 I i i 0 0
11 Herb height. (cm) 15 15 20 10 10 10 10 30 10 15 20 20 15 10 10 30
12 Moss heiJl.ht. (mm) 3 2 2 2 2 3 3 2 2 3 3 3 3 3 3 2
lJ Trcccovcr(%) 50 0 0 0 0 0 0 0 0 0 0 5 0 0 0 0
14 Shrubcovcr(%) 0 2 2 2 0 2 i 0 5 0 0 33 5 2 0 0
15 Hcrbcovcr('Yp) 95 75 80 85 80 40 80 85 65 80 60 80 6 50 90 60
16 Mosscovcr(%) 40 10 10 10 5 60 20 5 60 10 2 60 65 50 60 10
17 Soil oH 4,9 5,1 5,2 5,0 5,2 5,2 5,1 4,9 5,0 5,2 4,9 5,1 5,2 4,8 4,8 4,8
22 ßarcsoil 0 0 0 5 5 0 5 0 0 0 0 0 0 0 2 0
34 SMC % dry weight 13.7 12.2 10.2 7. 17.3 8,2 lOA 15.7 12.1 11. 12,4 16.4 13.2 10.5 16.4 6,5
35 SOMe % dry weight 4,0 3.1 3,7 3.1 4.4 5,7 3,8 4. 3,2 8,6 4.5 3.3 2,9 4,2 2,9 3,2
42 MEAN 3 2 2 I 2 .1 2 2 I .2 i .3 2 2 ,i 3
43 MtNDOM 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
44 MAXDOM .1 .2 .2 -4 .3 -4 .3 .3 .3 -4 .3 -4 .3 .3 ,4 0
45 MODOM 3 3 2 2 3 3 3 ) 2 .4 3 .4 3 3 2 )
46 MEDOM 3 3 2 2 ) 0 2 2 2 .2 2 ,3 ) ) 2 3
47 Range 1.9 3,9 3,9 15.9 7,9 15.9 7,9 7,9 7,9 15.9 7,9 15.9 7,9 7,9 15.9 0,9
48 Heterogeneity 7 8 8 10 9 10 9 9 9 10 9 10 9 9 9 6
66 Taflhcrbhci hl,(ern) LOO 150 200 80 150 150 50 200 150 0 100 90 80 100 150 150
67 Tallhcrbcovcr% 95 90 95 95 95 80 65 95 90 0 90 90 80 85 90 95
68 Lillcr% 0 4 2 2 5 0 2 0 0 0 0 2 2 2 2 0

Snecies name

197 A. e!alili.l" 8 9 10 8 10 8 7 10 9 3 9 4 8 9 10 9 V
1429 Vio/aril'iiiim/( 5 4 4 3 2 ) 3 4 4 I 5 2 4 V
576 Fesfiicflmbra 6 8 8 7 7 8 4 7 8 9 7 8 5 7 V
371 ('t'III(/Ii'(IIi; I'll 5 3 4 3 4 4 4 5 3 4 4 5 4 6 4 V

1396 V, cI/(IIt/i:d"..1 5 5 4 4 4 ) 4 4 2 5 5 4 5 4 V
1296 Sfi:llaria Kniiiùw(i 3 3 3 2 I 4 3 4 3 3 5 4 ) ) 3 V
613 Galiu/lI1.'1"111 4 3 4 3 4 3 4 4 5 3 5 5 4 5 ) V

1940 R, ,i"lfarrl).~/I.I 5 4 4 4 3 7 4 ) 8 4 3 8 6 8 4 V
680 Ho!cii,y!aiiafus 3 4 ) 4 2 ) 3 3 2 2 4 3 3 3 4 V

1056 !'/'illll!lIl'eri1 4 ) I I 2 I I i I 4 3 I I I V
104 Achif(!(liii//eoliii/l i 2 3 ) 4 3 4 4 5 4 3 ) 'V
167 Aii dim.l"fie,ffri.I' 2 I 2 2 I 3 2 2 4 3 IV
701 Hi' erù~lfll J('lfU/'(lfl(l1 I 2 I I I 4 2 I 5 I 2 IV
419 CirsiIiIiI'IIÚ!(I'(' 3 2 I 4 I I 2 4 I 3 3 iV
171 A.odol"llUll 3 2 3 5 4 4 3 4 2 ILL

1761 If..i'¡!i:iidel/s 6 3 2 5 4 3 4 7 3 ILL
988 !'aaoHlfell.I'is 3 3 2 4 2 4 4 2 ill
973 !'Iiiif(/ to !cIlC('O/lI(t/ 2 3 2 4 2 I 4 5 4 ILL

1193 S, ,yco/ial'ili,I'(S) 2 2 I I I 2 6 2 I ILL
800 Lo/U.I' cOr/licu/flIIIS 4 3 3 4 3 2 2 ill
986 !'O(/!/'/Iot(liJ 3 2 3 2 3 3 3 ILL
455 G,,/iIiIi("II/CÙIlIl 2 2 4 3 3 11

2954 NO.n/rl/bi iiia.m I i i I I ii
1305 Siicl'.\'ioratell.i'i,i' 4 3 2 3 i 11
1139 NrliwxiicC'/u.\" I 2 4 2 i
123 Af!JJ.wisea iIiiris 2 3 4 3

1239 Selii'l'o;ucohlil'lI 2 I I i i I
758 La/Ii'rlisprafi'II.I'Ù 2 I 2 2 I

1297 Std/aria/io!cmea 4 3 4 3
1081 Raiiiiiicu/usac/'is i i i 4 I I
1051 Pofellilla.llerilis 2 3 2 4 4
403 C'h'It('III1Ii,'1I1111 I I
431 CUlJ(Jldilll/lll/;II,t

I
288 CallPalii/a rOlllidi(olia i 2
482 Df ilalis 1/r ureii I

1046 Po/eiiilcierec/ci 2 2
965 Pilos-dlii oßìcililirum (/I'f' I

1363 Uh'xi:umUleus(.I) 3
914 Viimiis/'' el/s 5 I
681 HolcC/slIolll:I' , 2 4 I
477 De,fcli(/II)SÙlccsJiIO.I(J 5 4 i i
465 DaCll'lisx/ollC'raf(/ 2 5 i
10) ACt'r .i'el/do Ia/aiil/s(c) i I

2802 lJewlli.I"i'i'dlill¡'/.IJ 3 i
2707 Vid(/.wIÎi'li 3 i I I
574 Fe.l/IICaol'j¡/( 7 5 6 I

1432 Violiiirh'olo/' I I I I
587 FrajllIrilil't'.\'.(( i I

1218 Sclt'lYillhli.I'IIIIIIIIS 5 i
1095 Rml//lnr/Ii.1reiC'Ii.I I i I
445 CraWl'KII.I' IIO/lOirJ'II(/ (.1) I i I I
23 /Jeiii/ii )"I/diiliifc) 5 I i
236 Ht'W!a iilw,reel/sfc) 2 i

Number of species per samlJlC 25 27 19 24 15 26 24 17 22 19 16 22 23 20 18 20
Mcan number ofsoccics )cr sani le is 21.06

The standard error of the mean is 0.906
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Table 3,5: TWINS PAN end group 5, U4b community

Code Environmental varaible 84 85 86 C4 CS D4 E4 F3 0

4 Elevation. (m 2.99 3,26 2,13 3,20 1.9 3,09 2,72 3,017 Soil deoth. (cm) 25 97 55 121 59 123 121 120
9 Tree hei 'ht. (m) 0 0 0 0 0 0 0 010 Shrub hci 'ht. (m) 0 0 0 0 0 0 0 ii i Herb hei 'ht, (cm) 20 20 30 30 20 6 5 512 Moss height. (mm) 2 3 2 2 2 3 3 313 Trcecovcr(%) 0 0 0 0 0 0 0 014 Shrub cover (0/) 0 0 0 0 0 0 0 515 Herb cover (% 50 70 30 75 60 60 50 75i 6 Moss cover (% 75 40 20 75 75 40 2 1517 Soil pH 4,7 5.2 4,8 4,8 4,9 4,8 4,6 4,822 Bare soil (includin' sand) 0 2 5 4 4 0 20 534 SMC % dry weí 'ht 25,23 12.53 8,99 8,01 15,98 7,67 14.44 9,7735 SOMe % dry wcî 'ht 5,94 3,61 2,87 4,16 5,15 2.41 3,99 3,5242 MEAN I 2 I 2 I 3 I 343 MINDOM 5 5 5 5 5 5 5 544 MAXDOM .3 .2 0 .1 .2 0 .2 .245 MODOM 2 3 2 2 3 3 3 346 MEDOM I 3 2 2 2 3 3 347 Ran 'e 7,937 3,937 0,937 1.937 3,937 0,937 3,937 3,937

48 Hetcro Jcneitv 9 8 6 7 8 6 8 8
66 Tall herb hei 'ht. (cm) 0 0 0 0 0 50 40 3067 Tall herb cover, % 0 0 0 0 0 60 10 6068 Litler% 10 2 4 3 3 4 2 2

Sp_ccies name
973 PlalitwlO lanceo/ala 2 6 5 5 5 2 5 6 V

1429 Viola riviiiiuii(/ 4 4 4 5 4 5 3 4 V576 Festuca ruhra 9 7 7 7 8 8 6 7 V
1396 Veronica c!iaiiaedrvs 3 3 4 3 3 4 4 V
1296 Std/aria Rrumiiiea 3 2 3 3 3 2 3 Vl 71 Aiit/¡oxaiitliii/l odoraiiiii 3 4 7 5 4 4 4 V
1940 Rh¡itidiadelp/¡iis Sl/lfW'IOSIIS 7 7 4 8 8 7 2 4 V
613 Galiu/l verull 4 3 3 4 3 3 3 5 V

1305 Siiccisa praleiisis J 6 4 5 4 4 V104 Acllillea l1i/e alium 4 3 I 3 3 3 J V
1106 Rhinallthus iiiiior I 4 I 3 2 IVi 97 Arr/¡eiiuflierum ela/iiis 4 3 3 3 2 IV680 Ho/ell Im/(ults 6 5 4 4 4 4 iV1761 Hiifocomilil1 s ûelidelll' 6 4 3 3 4 IV1051 Poleiiiila sierilis 3 4 3 5 4 IV800 Loll/s (.orliicli/a/IIS 4 4 4 5 4 5 IV986 ?oa iieiioralis 2 2 3 4 5 IV1350 Tri Oliiiii re JellS I 6 4 5 5 5 IV1095 Raiiiiu..'u/us re JellS 3 4 4 2 ILL288 Cam al/ii/a ro/l/1di olia 3 3 3 3 II
1046 Poleii/illa erecla 2 2 3 i II251 Briza media 3 4 2 i II384 Cerwi'iuJI olif((1I1J1 2 3 3 3 II371 C'eiiaiirea iii Fru 2 3 2 4 II2601 Aeer /Jseudo/J/alaiiii.l (í!) i 2 11988 ?oa JJ'u/ell.lis 4 2 111081 Ranuncu/us acri.I' 2 i 2 11237 Befii/a Jeiidii/a (e) i 5 111139 Rumex ace/usa

i i 11
123 A.1!1'slis ca ilaris 4 4 4 11

1056 Primii/a veris i 3 i 11167 AIJ/ica sv/ves/ris i i i ii583 FiI Jeiidii/aii/iiuria 3 i 112802 Belli/a seedliii Flsn 2 3 ii2954 Rosu rl/bi 'iiiosa 4 i 11965 ?i/osella oflciiiaruii QJ!P 2 i 11654 He/iaii/lieiiiiii cliuiiueciSl/lS
2 4 11252 B,.OIlU,~ arveiisis 4 4 112785 A/cliemilu vu/l!aris W!I!, i i ii1638 Dicraiiiiii seo )(rilil1 3 i914 Oiioiiis repeiis 6 i2633 Sambucus liiJlra (Jl)

2 i1321 TeuCl'iuli scorodoiiia
4 I

633 Geuii ril'a/e 5 I2628 Qiierciis rob/(r (F i i445 CralaeJ.lfs 1l10110jl'la (.I)
i i278 Calliiia v/l/J!uris 3 i758 La/livrus prafeiisis 2 i1941 Rlivlidiade/plill Irh iielms i i

323 Carex !lacca 4 i
587 Fra.l!aria vesca

4 i1298 S/e/laria media
2 i2982 Taraxacum seec!lim!lsn i i807 LuzlI/a eaiineslris i i450 Ct"!s vesicaria 2 I

570 Fa liS .Iv/va/ica (c) i i339 Carex nmiicea 4 I900 Nardiis .'ildcla 4 i1411 Vicia cracca 2 i236 Beiu/a IibesClIt.\' (c
3 i1136 Rubus rlllicosliS ((PI".
i i477 Descllll1(Jsia cespi/osa
2 i455 Galiuii cl'uciala

i i465 Dac/v/is K/oiierafa
3 i103 AceI' pselitlop/afUllUs (e)

2 i681 HO/Cli,\'1I0I/s 5 I

Number of soecies ocr sam le 28 21 23 23 25 22 27 34Mean number of soecies oer samole is 25.38
The standard error of the mean is 1.499
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Table 3.7: TWINSPAN end group 7, W7c community

Code Environmental variable J3 L1 L2 MI GIO J6 0

4 Elevation, (m) 2.17 2.81 2.63 2.74 1.40 0.19
7 Soil depth, (cm) 44 120 ioo 103 15 20
9 Tree height, (m) 14.2 21. 13.7 12.9 12.5 7.1

10 Shrub height, (m) 1 2 2 2 1 1

i i Herb height, (cm) 10 5 10 5 10 10
12 Moss height, (mm) 3 0 2 3 0 2
13 Tree cover (%) 50 95 75 75 75 50
14 Shrub cover (%) 20 20 20 20 5 5
15 Herb cover (%) 85 75 70 75 35 50
16 Moss cover (%) 30 0 50 50 0 10
17 Soil pH 4.8 5.2 4.8 5 4.9 5.2
22 Bare soil (including sand) 33 0 20 0 0 10
23 Open water (%) 0 0 0 0 0 5
34 SMC % dry weight 13.20 14.04 18.34 21.20 42.54 21.40
35 SOMC % dry weight 3.42 4.04 3.53 4.04 5.39 4.53
42 MEAN 3 2 1 1 -2 -1
43 MINDOM 5 5 5 5 5 5
44 MAXDOM -1 -1 -3 -2 -4 -4
45 MODOM 3 2 3 2 -4 3
46 MEDOM 3 2 3 2 -1 2
47 Range 1.94 1.94 7.94 3.94 15.94 15.94
48 Heterogeneity 7 7 9 8 10 10
66 Tall herb height, (cm) 90 50 40 30 100 100
67 Tall herb cover, % 75 90 90 75 75 75
68 Litter, % 15 75 33 5 15 50

Species name
1175 Salix myrsinifolia 1 1 1 2 1 V
1051 Potentilla sterilis 3 5 4 2 2 V
1429 Viola riviniana 5 5 5 5 3 4 V

153 Alnus r.lutinosa (c) 6 7 6 7 7 6 V
371 Centaurea nizra 5 3 2 4 3 V

1136 Rubusfruticosus azz. 3 3 2 2 2 1 V
236 Betula pubescens (c) 3 5 4 3 2 2 V

1193 Sarothamnus scoparius (s) 1 1 1 1 1 V
633 Geum rivale 2 5 3 3 4 V

1940 Rhytidiadelphus squarrosus 6 7 5 4 iv
2764 Rubus idaeus (r.) 3 1 2 1 iV
1396 Veronica chamaedrvs 3 4 3 4 iV
583 Filipendula ulmaria 3 4 2 2 iV
477 Deschampsia cespitosa 4 2 2 4 iV
465 Dactylis zlomerata 3 3 2 3 iV

1305 Succisa pratensis 1 2 1 1 iV
123 Ar.rostis capilaris 6 6 4 7 iV

2612 Far.us sylvatica (s) 3 1 1 2 iV
441 Coiiilus avellana (s) 2 ' 2 1 2 iV
197 Arrhenatherum elatius 4 5 5 8 iV
455 Galium cruciata 4 4 1 II
103 Acer pseudoplatanus (c) 3 4 3 II
681 Holcus molls 8 9 8 II
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Code Species name J3 Ll L2 Ml GlO J6 0
630 Geranium robertianum 4 1 4 II
167 AnRelica svlvestris 3 2 2 II
932 Oxalis acetosella 7 2 4 II

1095 Ranunculus repens 2 1 2 II
589 Fraxinus excelsior (c) 1 1 1 II

2707 Vicia sativa 4 5 4 II
1081 Ranunculus acris 1 4 2 II
576 Festuca rubra 7 5 5 II
171 Anthoxanthum odoratum 4 6 3 II
680 Holcus lanatus 3 4 3 II

1761 Hvlocomium splendens 4 4 II
988 Poa pratensis 5 5 II
973 Plantago lanceolata 3 2 II
613 Galium verum 3 3 II
864 Mercurialis oerennis 3 3 II
127 AiuRa rep tans 3 4 II
605 Galium aparine 3 4 II

1056 Primula veris 1 1 II
955 Phalaris arundinacea 3 3 II

1254 Silene dioica 1 1 II
1293 Stachys svlvatica 2 2 II
812 Luzula sylvatica

1 5 II
2003 Thuidium tamariscinum 5 3 II

606 Galium boreale 1 2 II
884 Mvosotis arvensis 4 3 II

2603 Alnus r:lutinosa (r:) 2 I
1169 Salix cinerea (s)

1 I
288 Campanula rotundifolia 2 I

1046 Potentila erecta 2 I
1321 Teucrium scorodonia 3 I
800 Lotus corniculatus 3 I
889 Mvosotis scorpio ides 3 I
804 Lupinus polvohvllus 8 I
610 Galium saxatile 1 I

1807 Plar:iomnium undulatum 3 I
654 Helianthemum chamaecistus 1 I

2605 Betula pubescens (R)
1 I

990 Poa trivia lis 4 I
151 Allum ursinum 2 I
417 Cirsium heterophvllum 6 I

1147 Rumex obtusifolius 1 I
110 Aer:opodium Dodazraria 2 I
730 funcus effusus 3 I

1168 Salix caprea (s)
1 I

2982 Taraxacum seedlinr:/sp 4 I
359 Carex sylvatica 3 I
640 Glvceria maxima 2 I
699 Hvpericum maculatum

1 I
1296 Stellaria zraminea 2 I
2601 AceI' pseudoplatanus (R) 4 I

708 Impatiens glandulifera 2 I

Number of species per sample 34 31 23 35 38 27
Mean number of species per sample is 31.33
The standard error of the mean is 2.261

I
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Table 3.8: TWINSPAN end group 8, W6 community

Code Environmental variable 06 ES F4 07 E6 FS G4 GS H4 0

4 Elevation, (m) 2,02 1.4 3,08 2,21 1.63 0,97 1.2 1.7 2.07
7 Soil depth, (cm) 0 0 0 0 0 0 0 0 0
9 Tree height, (11) 17.4 14.4 16,1 20,9 15,5 16.1 20.4 16,7 18.1

10 Shrub height, (m) 1 1 1 I I I I 1 i
11 Herb height, (CI1) 5 0 0 5 5 0 10 5 2
12 Moss heighi, (mm) 0 0 0 0 0 0 3 2 0
13 Tree cover (%) 75 95 50 75 95 75 75 95 75
14 Shrub cover (%) 5 5 5 5 5 5 5 5 5
15 Herb cover (%) 2 0 0 2 2 0 33 33 2
16 Mosscover(%) 0 0 0 0 0 0 2 10 0
17 Soil pH * * * * * * * 5.4 *
2 i Bare rock (shingle) 100 0 100 95 95 LOO 33 85 LOO
23 Open water (%) 0 50 30 0 0 0 20 0 30
42 MEAN -I -4 -2 .1 - I -2 -3 -3
43 MINDOM -i -2 -I - I -I -2 -I -I
44 MAXDOM -8 .8 -8 -7 -7 -7 -8 -8
45 MODOM -4 -8 .5 -6 -4 -7 -6 -7
46 MEDOM 0 -3 -I -1 - I -I -2 -2
47 Range 253 0 248 253 125 125 174 256 253
48 Heterogeneitv 14 0 II 14 12 12 11 20 14
66 Tall herb height, (CI1) 60 25 20 0 30 25 60 60 30
67 Tall herb cover, % 2 3 3 0 2 3 25 5 3
68 Litter, % 5 10 10 2 10 10 33 33 2

Species name
153 A Inus fllutIllOsa (c) 5 6 3 8 9 8 4 8 5 V

1182 Salix vimùialis (c) I 2 2 i 2 1 IV
708 fmoalieiis elanduii7era I i 2 i 3 3 IV

1136 Rubus (ruticosus aee. 2 2 2 2 2 2 2 iV
2601 Acer oseudoplatanus (?) 2 I i I I 1 IV
237 Betula oeiidula (c) I 4 4 3 II

1175 Salix mvrsini(olia 3 I I 2 II
2764 Rubus idaeus (R) i 2 2 2 2 II

605 Galium aoarine I 2 3 2 111
630 Geranium robertianum 2 2 1 3 2 II

1360 Tussilaeo (ar(ara 2 3 2 I II
197 Arrlienatlierum elatius 2 2 3 4 II

1254 Silene dioica 1 2 ii
1368 Urtica dioica 3 I ii
1638 Dicranum scoparium

I 4 ii
414 Circaea lutetiana 6 6 ii

1178 Salix ourourea (s)
i 1 I ii

407 Clirvsosolenium alterni(olium 1 2 ii
889 MJlosotis scoroioides

2 2 ii
236 Betula oubescens (c) 2 i 2 ii
171 At/tlioxallthum odoratum 2 2 ii

1429 Viola riviniat/a 2 i ii
576 Festuca rubra 4 I
680 Holcus lanatus 2 i
482 Diflitalis ourourea

i I
127 Aiufla reotans 1 I
955 Ph alaris arundinacea 2 I

2607 Betula oendula (R) 2 I
2603 Alnus elutinosa (?) 1 I

662 Hesoeris matronalis 1 I
1140 Rumex acetosella I I
1256 Sileiie ut/iflora 1 i
536 Equisetum oratet/se I I
477 Deschamosia cesoitosa 2 I
465 DactJllis fllomerata I i
681 Holcus molls

5 i

Number of snecies per sample 8 2 4 15 14 9 18 18 12
Mean nUl1ber of species per sample is i 1, i 1
The standard error of the mean is 1.925
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Table 3.10: TWINSPAN end group 10, M23 community

Code Environmental variable J4 0

4 Elevation, (m) -0.03
9 Tree height, (m) 4.85

10 Shrub height, (m) 2
1 1 Herb height, (cm) 8

13 Tree cover (%) 25
14 Shrub cover (%) 15
15 Herb cover (%) 25
22 Bare soil (including sand) 30
23 Open water (%) 50
42 MEAN 0
43 MINDOM 0
44 MAXDOM 0
45 MODOM 0
46 MEDOM 0
47 Range 0
48 Heterogeneity 0
66 Tall herb height, (cm) 50
67 Tall herb cover, % 25
68 Litter, % 20

Species name
371 Centaurea nizra 2 V

1136 Rubus fruticosus azg 2 V
1396 Veronica chamaedrys 3 V
973 Plantago lanceolata 4 V

1175 Salix myrsinifolia 2 V
2764 Rubus idaeus (z) 2 V

583 Filpendula ulmaria 3 V
708 lmpatiens zlandulifera 2 V
605 Galium aparine 4 V
889 Myosotis scorpio ides 5 V
955 Phalaris arundinacea 3 V
403 Chrysanthemum leucanthemum 1 V

1360 Tussilago farfara 3 V
1046 Potentila erecta 3 V
1363 Ulex europaeus (s) 1 V
2602 Alnus zlutinosa (s) 4 V

773 Lepidium heterophyllum 2 V
1350 Trifolium repens 4 V
1106 Rhinanthus minor 2 V
1140 Rumex acetosella 1 V
2605 Betula pubescens (z) 2 V

639 Glyceria fluitans 3 V
1401 Veronica offcinalis 1 V
1777 lsothecium myurum 1 V
868 Mimulus zuttatus 4 V

1147 Rumex obtusifolius 1 V
730 Juncus e(fusus 3 V
122 Azrostis stolonifera 3 V
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Code Species name J4 0
729 Juncus conzlomeratus 3 V

1043 Potentila anserina 4 V
1089 Ranunculus flammula 2 V
319 Carex echinata 4 V
535 Equisetum valustre 2 V
702 Hypericum vulchrum 2 V
855 Mentha ac¡uatica 3 V

1059 Prunella vulzaris 4 V
1349 Trifolium pratense 3 V

183 Aquilezia vulzaris 2 V
269 Calamazrostis canescens 2 V
277 Callitriche staznalis 2 V
533 Equisetum fluviatile 2 V
609 Galium valustre 3 V
722 Juncus articulatus 4 V
726 Juncus bulbosus 4 V
860 Mentha x viverata 3 V

1069 Pulicaria dysenterica 2 V
1093 Ranunculus linzua 3 V
1236 Senecio ac¡uaticus 1 V
3248 Thymus pulezioides 3 V

Number of species per sample 49
Mean number of species per sample is 49.00
The standard error of the mean is - 1. 000
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Table 3.11: TWINSPAN end group 11, SHscb community

Code Environmental variable Bll Bl2 CS CIO CLL Cl2 DS D9 EIO B7 C6 Dll 0

4 Elevation, (m) 3.13 2.63 1.97 2.87 2,90 2.66 1.89 2,63 2.46 1.88 2.49 2,64
9 Tree height, (m) 0.0 9.3 5.8 0,0 0,0 8.2 10,3 9.9 10.7 9.5 12.3 0.0

10 Shrub height, (m) 1 I I 1 I 1 I 1 I I 1 1
11 Herb height, (cm) 10 15 10 5 4 15 10 40 2 70 0 0
12 Moss height, (mm) 0 0 2 2 2 0 2 0 3 0 0 0
13 Tree cover (%) 5 5 5 5 5 5 5 95 10 5 5 5
14 Shrub cover (%) 5 5 2 5 5 5 2 5 25 2 2 5
15 Herb cover (%) 55 i 5 10 5 25 10 25 2 20 0 0
16 Moss cover (%) 0 0 2 5 2 0 2 0 2 0 0 0
21 Bare rock (shingle) 90 100 95 90 100 85 95 95 LOO 95 LOO LOO
42 MEAN .3 -3 -2 -3 -3 -3 -2 -3 -3 -2 -3 -3
43 MINDOM -3 - I -1 -I -3 -2 - I -3 -i -1 -1 -3
44 MAXDOM -8 -8 -8 -8 -8 -8 -7 -8 -8 -8 -8 -8
45 MODOM .6 -6 -6 -8 -6 -7 -6 -6 -6 -6 -7 .5
46 MEDOM -2 -2 -1 -2 -2 -2 - I -2 -1 -1 -2 . I
47 Range 140 253 253 253 245 250 177 245 253 253 253 245
48 Heterogeneity 9 14 14 14 10 12 13 10 14 14 14 10
68 Litter, % 10 0 50 0 0 10 5 10 0 5 2 0

Soecies name
708 Imvatieiis f!landulifera 2 I 2 i 1 i i 2 2 iv

1136 Rubus fi'uticosus af!f!, 2 I 2 2 2 2 1 1 3 iv
2601 AceI' pseudoplatanus (f!) 2 3 2 2 I 2 II
1321 Teucrium scorodonia 2 I 5 3 4 II
973 Plallaf!o lanceolata 1 I 1 2 1 II

1175 Salix myrs ùiifolia 1 2 1 2 2 II
2764 Rubus idaeus (í!.) 1 1 I 2 2 II
1193 Sarothamiius scovarius (s) 3 3 2 3 4 2 2 II
2954 Rosa rubif!ùiosa 2 1 1 1 2 I 2 II
482 Difdtalis purpurea 1 1 I I 2 i I II
153 A lnus f!lutùiosa (c) I 1 1 7 4 1 I II
197 Arrhenatherum elatius 1 I 2 2 2 II
576 Festuca rubra 2 2 1 1 11
773 Levidium heterovhvllum 2 2 2 2 11

1928 Racomitrium canescens 2 4 I 3 11
914 Oiionis revens 3 3 1 11
630 Geranium robertiaiium 2 2 1 3 11
662 Hesveris matronalis 2 2 1

11
1064 Prunus vadus (s) 1 1 1 11
1242 Senecio viscosus 2 1 3 2 11
1256 Silene maritma I 5 I 11
371 Ceiitaurea nirrra 1 i

1396 Veronica cliamaedrvs 3 i
1296 Stellaria f!ramùiea 2 i
1081 Ranunculus acris 1 4 I
237 Betula vendula (c) 2 1 I
103 Acervseudovlatanus (c) 1 1 i
104 Achilea milefolium

1 1
1139 Rumex acetosa

4 I
889 Mvosotis scorpio ides 2 i
955 Phalaris arundinacea 3 i

1368 Urtica dioica 2 1
1333 Thvmus polytriclius 3 i
2633 Sambucus nirrra (f!) 1 1 i
1638 Dicraiium scovarium

1 i
2003 Tliuidium tamariscùium 1 I
2607 Betula pendula (R) 1 2 i

610 Galium saxatile 2 i
589 Fraxùlus excelsior (c) 1 1 1

1140 Rumex acetosella
I i
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Code Species name Bll B12 CS CIO CLL CL2 DS D9 EIO B7 C6 Dll 0
1914 Pseudoscleropodium Durum

1 I
884 Mvosotis arvensis 2 I
868 Mimulus f!uttatus 2 I

1941 Rhvtidiadelphus triquetrus 2 1
842 Meeonopsis eambriea 2 2 I

1298 Stellaria media 2 I
782 Linaria repens 2 2 I

1043 Potentila anserina i I
1089 Ranuneulusflammula 1 1
3226 Salix x tetrapla 1 1 1

144 A llaria De/iolata 1 2 1
570 Faf!us svlvatiea (e)

1 I
1065 Prunus spùiosa (s) 1 1 I
404 Tanaeetum parthenium 1 I

1243 Senecio vUlf!aris 1 I
2373 Cladonia oehroehlom 4 I
2603 A lnus filutinosa (F) 1 I
1169 Salix cinerea (s) 2 2 I
1360 Tussilaf!o fa/fam 2 I

Number of species per sample 15 17 13 29 16 10 17 12 14 8 3 5
Mean number of species per sample is 13.25

The standard error of the mean is 1.947
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Table 3.12: TWINSPAN end group 12, SHpc community

Code Environmental variable B8 B9 BIO C9 DIO 0

4 Elevation, (m) 2.06 2.76 2.84 2.72 2.71
9 Tree height, (m) 11.6 0.0 0.0 10.0 8.4

10 Shrub height, (m) 1 1 1 1 1

11 Herb height, (cm) 5 4 30 1 3
12 Moss height, (mm) 0 0 2 0 0
13 Tree cover (%) 2 0 0 5 5
14 Shrub cover (%) 2 2 5 2 5

15 Herb cover (%) 2 4 5 1 1

16 Moss cover (%) 0 0 10 0 0
21 Bare rock (shingle) 95 95 90 100 100
42 MEAN -2 -3 -2 -3 -2
43 MINDOM -1 -1 - 1 - 1 -2
44 MAXDOM -7 -8 -7 -8 -7
45 MODOM -6 -7 -6 -6 -6
46 MEDOM - 1 -2 - 1 -2 - 1

47 Range 177.0 253.0 177.0 253.0 250.4
48 Heterogeneity 12 14 13 14 12
68 Litter, % 2 5 5 0 0

Species name
2607 Betula pendula (R) 2 1 1 2 2 V
2601 Acer pseudoplatanus (g) 1 1 1 1 iv
1242 Senecio viscosus 3 2 3 II
2764 Rubus idaeus (R) 1 1 1 II

773 Lepidium heterophyllum 2 2 1 II
708 lmpatiens glandulifera 1 1 1 II

1320 Teesdalia nudicaulis 2 2 3 II
576 Festuca rubra 2 2 II
680 Holcus lanatus 2 2 II
237 Betula pendula (c) 2 3 II
842 Meconopsis cambrica 1 2 II
662 Hesperis matronalis 2 1 II

1064 Prunus ~adus (s) 1 1 II
1333 Thymus ~olytrichus 3 3 II
1429 Viola riviniana 2 i
2602 Alnusglutinosa (s) 1 i
419 Cirsium vUIRare 3 i

1095 Ranunculus repens 2 i
1239 Senecio jacobaea - 1 i
1761 Hylocomium splendens 4 i

153 Alnus glutinosa (c) 1 i
371 Centaurea nigra 2 i

1136 Rubusfruticosus agg. i i
1296 Stellaria graminea 2 i
973 Plantago lanceolata 2 i

1193 Sarothamnus scoparius (s) 2 i
2954 Rosa rubiginosa i i
1321 Teucrium scorodonia 2 i
633 Geum rivale 2 i
889 MJlsotis scorpioides 2 i
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Code Species name B8 B9 BIO C9 DIO 0
1293 Stachys sylvatica 1 I
1360 Tussilago (ar(ara 1 I
522 Epilobium montanum 2 I
589 Fraxinus excelsior (c) 1 I

2982 Taraxacum seedling/sp 2 I
1089 Ranunculusflammula 1 I
698 Hypericum humi(usum 2 I
228 Barbarea vulgaris 1 I

1262 Sinapis arvensis 1 I

Number of species per sample 9 12 24 8 10
Mean number of species per sample is 12.60
The standard error ofthe mean is 2.926

385



Table 3.13: TWINS PAN end group 13, S22a community

Code Environmental variable K3 L3 M2 M3 0

4 Elevation, (m) 1.0 -0.44 -0,78 -0,56
23 Open water (%) 100 95 100 100
42 MEAN 0 0 0 0
43 MIND OM 0 0 0 0
44 MAXDOM 0 0 0 0
45 MODOM 0 0 0 0
46 MEDOM 0 0 0 0
47 Range 0 0 0 0
48 Heterogeneity 0 0 0 0
68 Litter 0 0
52 Dead wood 10 10

Species name
639 Glvceria fluitans 2 4 5 5 V

Number of species per sample 1 I I 1

Mean number of species per sample is 1.00
The standard error of the mean is 0,000
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Appendix 4

Table 4.1: Species scores derived from CANOCO carrying a high weight (N2:?65)

for interpreting the ordination diagram of 
axes 1 and 2.

Code Species name N2
153 Alnus rrlutinosa (c) 65.80
197 Arrhenatherum elatius 80.45
371 Centaurea ni;zra 68.66
576 Festuca rubra 72.25

1136 Rubus fruticosus 67.70
1429 Viola riviniana 78.04
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Appendix 5.
Soil/substrate classification, Tomdachoile.

Table 5.1: Substrate group 1 data and summary statistics.

Code Bare MEAN MIND OM MAXDOM MODO M MEDOM Range Hetero-
gravel geneity

(%)

B7 95 -2 -1 -8 -6 -1 253 14

B9 95 -3 -1 -8 -7 -2 253 14

B12 100 -3 -1 -8 -6 -2 253 14

C6 100 -3 -1 -8 -7 -2 253 14

C7 95 -3 5 -8 -6 -2 255.94 20
C8 95 -2 -1 -8 -6 -1 253 14

C9 ioo -3 -1 -8 -6 -2 253 14

CLO 90 -3 -1 -8 -8 -2 253 14

CLL 100 -3 -3 -8 -6 -2 244.8 10

C12 85 -3 -2 -8 -7 -2 250.4 12

D5 0 * * * * * 0 0
D6 ioo -1 -1 -8 -4 0 253 14

D7 95 -2 -1 -8 -5 -1 253 14

D9 95 -3 -3 -8 -6 -2 244.8 10

D10 100 -2 -2 -7 -6 -1 250.4 12

Dll 100 -3 -3 -8 -5 -1 244.8 10

D12 90 8 -2 -8 -7 -3 250.4 12

EI0 100 -3 -1 -8 -6 -1 253 14

Ell 60 -3 -3 -8 -6 -3 240 9

E12 0 0 0 0 0 0 0 0

F4 100 -4 -2 -8 -8 -3 248 11

G5 85 -3 -1 -8 -6 -2 255.94 20
H4 LOO -3 -1 -8 -7 -2 253 14

J8 80 -2 -2 -8 -6 -2 248 11

L6 45 -3 -1 -8 -7 -2 253 14

M5 35 -4 -4 -8 -7 -4 224.5 7

Mean 82 -2 -1 -8 -6 -2 231 12

Min 0 -4 -4 -8 -8 -4 0 0
Max ioo 8 5 0 0 0 256 20
Stdev 30 2 2 2 2 1 68 5
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Table 5.2: Substrate group 2 data and summary statistics.

Code Bare MEAN MIND OM MAXDOM MODOM MEDOM Range Hetero-
gravel geneity

(%)

Bll 90 -3 -3 -8 -6 -2 140 9

E5 0 * * * * * 0 0

E6 95 - i -1 -7 -6 -1 125 12

F5 100 -1 -1 -7 -4 -1 125 12

14 50 -3 -4 -7 -7 -3 106.6 6

Mean 67 -2 -2 -7 -6 -2 99.32 8

Min 0 -3 -4 -8 -7 -3 0.00 0

Max ioo - 1 -1 -7 -4 -1 140.00 12

Stdev 42 1 2 1 1 1 56.77 5

Table 5.3: Substrate group 3 data and summary statistics.

Code Bare Bare MEAN MINDOM MAXDOM MODOM MEDOM Range Hetero-
gravel soil (%) geneity
(%)

B8 95 0 -2 -1 -7 -6 -1 177 12

BI0 90 0 -2 -1 -7 -6 -1 177 13

D8 95 0 -2 -1 -7 -6 -1 177 13

G4 33 0 -2 -2 -7 -7 -1 174.4 11

K6 0 60 * * * * * 0 0
K7 75 0 -3 -4 -7 -7 -3 158.6 7

M6 0 15 -4 5 -7 -7 -4 179.94 12

Mean 55 11 -3 -1 -7 -7 -2 149.13 10

Min 0 0 -4 -4 -7 -7 -4 0.00 0
Max 95 60 -2 5 -7 -6 -1 179.94 13

Stdev 44 22 1 3 0 1 1 66.14 5
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Table 5.4: Substrate group 4 data and summary statistics.

Code Soil pH SMC OMC Bare MEAN MIN- MAX- MOD MED Range Hetero-
depth (%) (%) soil DOM DOM -OM -OM geneity
(cm) (%)

B2 122 5.1 i i. 14 3.78 2 3 5 -2 3 3 1.937 8

B3 127 4.9 19.43 3.99 2 1 5 -2 1 1 1.937 8

B5 97 5.2 12.53 3.61 2 2 5 -2 3 3 3.937 8

CL 125 4.5 9.86 3.68 0 1 5 0 1 1 0.937 6

C2 125 4.8 17.29 3.72 3 2 5 -2 3 3 3.937 8

C3 117 5.1 11.89 3.12 0 1 5 - 1 1 1 1.937 7

C4 121 4.8 8.01 4.16 4 2 5 -1 2 2 1.937 7

Dl 100 5.1 12.35 2.57 2 0 5 -2 0 0 3.937 8

D2 125 5.2 6.81 7.08 3 3 5 -2 3 3 3.937 8

D3 115 4.7 11.5 2.92 0 3 5 -2 3 3 3.937 8

D4 123 4.8 7.67 2.41 0 3 5 0 3 3 0.937 6

El 100 5.1 14.76 3.17 0 2 5 -2 3 3 3.937 8

E2 119 4.9 18.68 3.41 0 2 5 -2 3 3 3.937 8

E3 116 5.2 10.06 3.97 0 2 5 -2 3 3 3.937 8

E4 121 4.6 14.44 3.99 20 1 5 -2 3 3 3.937 8

F1 110 4.9 15.42 2.92 0 1 5 -1 1 1 1.937 7

F2 128 5.0 5.25 3.51 0 2 5 -2 3 3 3.937 8

F3 120 4.8 9.77 3.52 5 3 5 -2 3 3 3.937 8

Gl 120 4.9 16.02 4.06 0 2 5 -2 3 3 3.937 8

G2 118 5.0 12.20 3.36 10 3 5 -2 3 3 3.937 8

G3 110 4.9 13.67 3.98 0 3 5 - 1 3 3 1.937 7

H2 89 4.8 16.96 4.45 5 3 5 -2 3 3 3.937 8

H3 97 4.9 10.97 4.44 0 2 5 -2 3 3 3.937 8

13 89 4.7 10.07 4.1 1 0 2 5 -2 3 3 3.937 8

11 91 5.2 7.54 3.17 2 3 5 -2 3 3 3.937 8

K1 102 5.0 11.85 3.41 0 2 5 0 2 2 0.937 6

Ll 120 5.2 14.04 4.04 0 2 5 -1 2 2 1.937 7

L2 100 4.8 18.34 3.53 20 1 5 -3 3 3 7.937 9

L8 90 4.3 8.86 3.25 0 3 5 -2 3 3 3.937 8

Ml 103 5.0 21.20 4.04 0 1 5 -2 2 2 3.937 8

M8 95 4.3 14.55 3.02 5 0 5 -3 2 3 7.937 9

M12 83 4.8 6.53 3.23 0 3 5 0 3 3 0.937 6

Mean 110 4.9 12 4 3 2 5 -2 3 3 3.37 8

Min 83 4.3 5 2 0 0 5 -3 0 0 0.94 6

Max 128 5.2 21 7 20 3 5 0 3 3 7.94 9

Stdev 14 0.2 4 1 5 1 0 1 1 1 1.66 1
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Table 5.5: Substrate group 5 data and summary statistics.

Code Soil pH SMC OMC Bare MEAN M1N- MAX- MOD MED Range Hetero-
depth (%) (%) soil DaM DaM -OM -OM geneity
(cm) (%)

B1 75 4.8 9.33 2.36 0 3 5 0 3 3 0.937 6

B6 55 4.8 8.99 2.87 5 1 5 0 2 2 0.937 6

C5 59 4.9 15.98 5.15 4 1 5 -2 3 2 3.937 8

G6 40 5.4 29.66 1.91 75 2 4 -3 2 2 7.94 8

HI 60 4.6 13.73 3.75 0 3 5 -2 3 3 3.937 8

H5 53 4.8 38.14 3.11 85 1 5 -2 1 1 3.94 8

Il 75 4.8 6.33 2.63 0 3 5 -1 3 3 1.937 7

12 70 4.7 7.85 3.54 20 3 5 -2 3 3 3.937 8

ILL 77 5.1 12.19 3.11 0 2 5 -2 3 3 3.937 8

Il2 50 5.2 10.22 3.68 0 2 5 -2 2 2 3.937 8

J2 64 4.9 15.12 4.02 10 2 5 -3 3 3 7.937 9

13 44 4.8 13.20 3.42 33 3 5 -1 3 3 1.937 7

111 73 5.0 7.26 3.07 5 1 5 -4 2 2 15.937 10

112 60 5.2 17.33 4.40 5 2 5 -3 3 3 7.937 9

K2 72 5.1 16.99 4.15 5 2 5 -2 3 3 3.937 8

K8 50 4.6 5.35 3.07 5 2 5 -1 2 2 1.937 7

K11 80 5.1 10.41 3.83 5 2 5 -3 3 2 7.937 9

K12 62 4.9 15.72 4.26 0 2 5 -3 3 2 7.937 9

L9 70 4.2 3.83 3.28 0 -2 5 -4 2 2 15.937 10

LlO 73 5.0 12.14 3.24 0 1 5 -3 2 2 7.937 9

Ll2 60 5.0 12.39 4.48 0 1 5 -3 3 2 7.937 9

M9 50 5.2 13.22 2.94 0 2 5 -3 3 3 7.937 9

MlO 60 4.8 10.51 4.16 0 2 5 -3 3 3 7.937 9

M11 82 4.8 16.43 2.94 2 -1 5 -4 2 2 15.937 9

Mean 63 4.9 13 3 11 2 5 -2 3 2 6.44 8

Min 40 4.2 4 2 0 -2 4 -4 1 1 0.94 6

Max 82 5.4 38 5 85 3 5 0 3 3 15.94 10

Stdev 12 0.3 7 1 23 1 0 1 1 1 4.45 1
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Table 5.6: Substrate group 6 data and summary statistics.

Code Soil pH SMC OMC Bare MEAN MIN- MAX- MOD- MED- Range Hetero-
depth (%) (%) soil DOM DOM OM OM geneity
(cm) (%)

E8 35 5.6 0.00 0.00 90 3 5 -2 3 3 3,94 8

H8 5 4.9 11.23 4.02 10 1 5 -2 1 2 3.94 8

H9 12 5.5 15.06 5.19 20 2 5 -2 3 2 3.94 8

Hll 20 5.5 7.15 5.77 0 -2 5 -4 -4 -1 15.94 10

H12 17.5 5.1 3.48 3.95 5 3 5 -2 3 3 3.94 8

18 20 5.2 17.04 5.31 0 -6 5 -8 -8 -6 15.937 10

ILO 15 5.0 10.99 6.64 20 1 5 -2 2 2 3.94 8

17 25 5.2 8.46 5.35 10 -4 5 -7 -7 -4 15.937 10

J9 25 5.6 4.49 3.22 5 -2 5 -4 3 1 15.937 10

no 25 4.8 12.80 6.88 5 1 5 -4 3 2 15.937 10

K5 25 4.7 8.00 4.54 33 -2 5 -4 -4 -1 15.94 10

K9 30 5.0 4.72 3.13 2 -2 5 -4 -4 -1 15.937 10

K10 25 5.2 8.23 5.71 0 -1 5 -4 3 0 15.937 10

15 30 5.3 2.69 2.83 50 -3 5 -4 -4 -1 15.94 10

L7 20 5.1 7.10 4.48 10 -2 5 -4 -4 1 15.937 10

L11 25 5.2 11.20 8.63 0 -2 5 -4 -4 .2 15.937 10

M4 25 5.0 4.29 5.13 25 -1 5 -4 3 2 15.94 10

M7 27 5.1 16.35 3.28 0 -3 5 -4 -4 -3 15.937 10

Mean 23 5.2 9 5 16 -1 5 -4 -1 0 12.60 9

Min 5 4.7 0 0 0 -6 5 -8 -8 -6 3.94 8

Max 35 5.6 17 9 90 3 5 -2 3 3 15.94 10

Stdev 7 0.3 5 2 23 2 0 2 4 3 5.53 1
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Table 5.7: Substrate group 7 data and summary statistics.

Code Soil pH SMC OMC Bare MEAN M1N- MAX- MOD- MED- Range Hetero-
depth (%) (%) soil DOM DOM OM OM geneity
(cm) (%)

B4 25 4.7 25.23 5.94 0 1 5 -3 2 i 7.937 9

E7 22 5.6 18.71 3.01 25 1 5 -4 2 1 15.94 10

E9 20 5.6 29.04 5.84 50 0 5 -3 1 1 7.937 9
F6 22 5.0 38.59 3.14 95 2 5 -2 2 2 3.94 8

F7 30 5.2 37.67 4.51 90 2 5 -3 2 2 7.94 9

F9 25 5.5 25.4 3.66 5 2 5 -4 2 2 15.94 9

Fll 25 5.0 35.67 4.32 50 2 5 -4 2 2 15.94 9

F12 10 5.7 24.56 5.82 90 0 5 -3 2 1 7.94 9

G7 25 5.4 41.98 3.32 75 2 5 -1 2 2 1.94 7

G8 20 4.9 30.69 2.96 95 1 5 -2 1 2 3.94 8

Gl1 20 5.0 18.28 3.85 90 2 5 -2 3 3 3.94 8

H6 30 4.5 36.20 2.98 80 2 5 -3 2 2 7.94 8

H7 14 4.6 32.42 1.83 33 2 5 -3 2 2 7.94 8

HIO 25 5.1 22.20 6.37 100 2 5 -1 3 2 1.94 7

17 18 5.4 25.93 5.32 5 0 5 -2 3 2 3.94 8

19 15 5.0 11.67 4.69 10 -1 5 -4 3 2 15.937 10

J6 20 5.2 21.40 4.53 10 -1 5 -4 3 2 15.937 10

Mean 22 5.1 28 4 53 1 5 -3 2 2 8.64 9

Min 10 4.5 12 2 0 -1 5 -4 1 1 1.94 7

Max 30 5.7 42 6 100 2 5 -1 3 3 15.94 10

Stdev 5 0.4 8 1 38 1 0 1 1 1 5.29 1
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Table 5.8: Substrate group 8 data and summary statistics.

Code Soil pH SMC OMC Bare MEAN MIN- MAX- MOD- MED- Range Hetero-
depth (%) (%) soil DOM DOM OM OM geneity
(cm) (%)

F8 20 5.4 48.28 6.09 75 1 5 -2 3 2 3.94 8

F10 0 * 0.00 0.00 55 -3 -6 -7 -6 -3 65 3

G9 10 4.7 36.41 3.30 90 -1 5 -4 2 2 15.94 9
GIO 15 4.9 42.54 5.39 0 -2 5 -4 -4 -1 15.937 10

G12 20 4.7 55.68 6.49 90 3 5 -1 3 3 1.94 7

15 21 5.3 70.64 25.13 90 -1 4 -2 0 0 3.94 7

16 15 4.6 51.03 5.66 75 0 5 -4 2 2 15.94 10

J4 0 * 0 0 0 * * * * * 0 0

J5 25 4.9 50.09 4.32 75 -1 5 -3 0 0 7.94 9

K3 0 * 0 0 0 * * * * * 0 0
K4 30 5.0 98.84 9.09 50 0 5 -2 0 0 3.94 8

L3 0 * 0 0 0 * * * * * 0 0
L4 20 5.0 63.40 5.94 60 2 5 -2 3 2 3.94 8

M2 0 * 0 0 0 * * * * * 0 0
M3 0 * 0 0 0 * * * * * 0 0

Mean 14 5 40 5 51 0 4 -3 0 1 11 6

Min 0 5 0 0 0 -3 -6 -7 -6 -3 0 0
Max 30 5 99 25 90 3 5 -1 3 3 65 10

Stdev 11 0 31 7 37 2 3 2 3 2 17 4
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Appendix 6.
Geomorphic landform classification.

Table 6.1: Sample identity belonging to each landform type on Tomdachoile
Island SSSL Landforms were defined and mapped by field mapping and aerial
photograph interpretation.

1 2 3 4 5 6
Backwater Abandoned Point bar Abandoned Floodplain Embankment

channel point bar
J4 G5 B7 E9 I7 B4 C4 J9
K3 G6 B8 Ell 18 B5 Dl K9
K4 G7 B9 E12 19 B6 D2 L8
L3 G8 BlO F4 ILO C5 D3 M8
L4 Gl1 Bll F5 J5 D4 El
M2 G12 B12 F6 J6 E4 E2
M3 H5 C6 F7 17 ILL E3

H6 C7 F8 J8 Il2 Fl
H7 C8 F9 K5 JIO F2
H8 C9 F10 K6 JIl F3
H9 C10 Fll K7 JI2 Gl
H10 Cll F12 K8 K10 G2
H11 C12 G4 L5 Kll G3
H12 D5 G9 L6 K12 Hl
14 D6 G10 L7 L9 H2
IS D7 H4 M4 L10 H3
16 D8 MS Lll Il

D9 M6 L12 12
D10 M7 M9 13

D1l M10 JI
ElO Ml1 J2
D12 M12 13
E5 Bl K1
E6 B2 K2
E7 B3 Ll
E8 CL L2

C2 Ml
C3
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Appendix 8

Species unique to landform units on Iomdachoille Island SSSL

Table 8. i: Plant species identified within the IOl1dachoille study area showing their distribution within the
geomorphic land units, The rarity of each species within Perthshire is indicated, data on frequency was acquired
frol1 Smith el al. (1992),

-¡ ~
.DC "§t 'õ
0.

¡¡
E g 13 c

G-c '~ E

~
0 ~ 0 0. -'

~'0 .D

§
C

~ § " -g 1' Ë er
05 ~ ~ '3 Si E 0 J:

AceI' pseudop/afaiius Sycamore * * * * * 5 C
Achillea liilleroliuJI Yarrow * * * * * 5 VC
Aef!OlJodiul1 podoJ!rarIa Ground elder * * 2 F
AgroslÎs capilarIs Common bent * * 2 VC
Aflrostis Sl%fli(era Creeping bent * * 2 C
A .uf!a reptaiis BURle * * * * 4 C
Alcliemilla vU!J!aris Lady's mantle * t C
Alla,.ia lJetiolata Garlic mustard * 10
AllulJ ursiiiu11 Ramsol1s * * 2 F
A/nus glutiflosa Alder * * * * * * 6 C
Amanita plialloides Death cap * I
Anemone iiemorosa Wood anemone * * 2 VC
Amzelica svlvestrIs Wild angelica * * * 3 VC
Alll!loxalitlwfl odoratu11 Sweet vernal grass * * * * 4 VC
Al1lliriscus sll/veSI,.¡s Cow parsley * * 2 F
Anlllll/s vull/eria Kidney vetch * 10
AauileJ!ia vUIJ!arIs Comlumbine * i R a
Ar,.lienatlirum elalius False oat grass * * * . * 5 C
Barbarea viihmris Common winter cress * 10
Bel/is peremiis Daisy * * 2 VC
Betula pendula Silver birch * * * * * 5 VC
Betula oubesceiis downy birch * * * * 4 VC
Briza iiedia uaking grass * * 2 F
Bromus arvense Field brome * 10
Brol1us diaiidrus Great bromc * * * * 40
Calaiiaflrostis caiiesceiis Purple small reed * 1 VR
Cal/iCl1!OI1 clisoidatwll * i
Callitric!ie staJ!wlis Common water starwort *

i F
Callu/ia vulgaris Heather * * * 3 VC
Caiipaiiula rolwidi(olia Harebell * * * * 4 C
Cardamiiie hirsuta Hairy bittercress * t F
Cardamiiie Pfateiisis Cuckoo flower . * 2 VC
Carex ecliillata Star sedge * * 2 VC
Carexflacca Glaucous sed.1le * i C
Carex Jallesceiis Pale sed,Re * I F
Carex oaiiicea Carnation sedge * i VC
Carex remota Remote sedge * i F
Carex rostrata Bottle sedge * I C
Carex svlvatica Wood sed,ge . i F
Carex vesicaria Bladder sed,ge * 10
Ccutaurea liiJ?fa Common knaoweed * . * * * * 6 VC
Cerastium liolosteoides Common niouse ear . i VC
CllIl1santliemuli /eucalltliemuii Ox eye daisy * * * * 4 F
Clinisaiithemiwioartlieuiuii Feverfew * * 20
ChnJsospleJlium a/temi(oliuii Altemate.leaved .golden saxifra.ge * 10
Circaea /utetiaiia Common enchanter1s nightshade * * 2 F
Cirsium erioohorul1 Woolv thistle * i 0
Cirsiul1 heteroo/1Jllilll1 Melancholy thistle * I F b
Cirsiul1 vu/¡rare Spear thistle * * * * 4 C
C/adoiiia oclirac!ilora Cladonia * * 2
C/imacfuii deiidrioides * i
COl1opodium ma "us PiRnut * * 2 C
Carplus avellaiw Hazel * I C
Creois biellJlis ROURh hawk's.beard * 10
Crepis paliidos Marsh hawk's~beard * i C
Creois vesicaria Beaked hawk's-beard * * 20
Creta¡reaus moiioell/Ta Hawthorne * * 2 C
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Dactlllis z/omerata Cocks foot * * * * 4 C
Dact i/orliiza fuchsii Common sDotted orchid * * 2 F
Deschaf1Dsia cesoitosa Tufted hair QTass * * * * 4 VC
Deschampsia (lexiiosa Wavy hair grass * * 2 VC
Dianthus de/tioides Maiden oink * 1 R c
Dichranum scoDariu11 * * * * 4
Diçitalis lJurnurea Foxolove * * * * * 5 VC
DrvooierÎs dUnta Broad buckler fern * i VC
Eoilobium mol/taiiuii Broad-leaved willowherb * * * 3 C
Eauisetimi arvciise Field horsetail * 1 C
Enuisefum fluviatile Water horsetail * i C
EauisetuJJ oalus/re Marsh horsetail * *

2 F
Eauisetuii omtcnse Shady horsetail * 10
Euohrasia J1ciiorosa Evebrioht * I VR
FOfTllS s)i/vatica Beech * * * * 4 F
Fes/Ilea DvinG Sheep's fescue * * * 3 VC
Festuca rubra Red fescue * * * * * 5 VC
Fesluca vivioara Vivioarous fescue * i F
Filciidula ulmaria Meadowsweet * * * * * 5 VC
Fraparia vesca Wild strawberry * * 20
Fraxiiius exce/sior Ash * * * * 4 C
CaUl/m aOGrÎllc Cleavers . * * * 4 C
GaliuJJ bOl'eal Northem bedstraw * * 2 F
Galium cruciata Crosswort * * * 3 F
GaliuJloalustre Marsh bedstraw *

i C
Galiiim saxatile Heath bedstraw * * 2 VC
Galiul1 veruii Ladv's bedstraw * * * * 4 C
Geranium robertialil/lI Herb robert * * * * 4 C
Geranium svlvatieum Wood cranesbill * * 2 C
Geiim rivale Water avens * * * 3 C
Geul1 urbanum Herb bennct * * 2 C
Gl)iceria fiuitaiis Floating sweet grass * *

2 F
C1)lceria maxima Reed sweet 1!ass * . 20
Heliaiiihemum c/¡amaecistus Common rockrose * * 20
Heracleul1 snhoiid)Jlium Ho_weed * * 2 C
Hesoeris matroiialis Dame's violet * * 20 d
Hieraciiim oerOrOoillQUll11 Hawkweed * i R
Holeus laiiatus Yorkshire foe * * * * * 5 VC
Holeiis molls Creeninl! soft l!rass * * * * 4 VC
Hvacinthoides l1oli-seritus Bluebell * * 2 C
H)JloeomiiiulJ laiiatus * i
Hvloeol1Jliiili soleI/dens * * * * * 5
HlloerieulJ lirsutum Hairv Si. John's wor! * * 20
HvnericufJ hiwii(usum Trailinii St. John's wort * * 20
Hvoerieum iiaculatuii Imperforate St. John's wort * * 20
Hvoericiil1 oerforatuii Perforate St. John's wort * * * * 40
Hvoericul1 DUlell/wli Slender St. John's wort * * 2 VC
H)IDllUI1 ciwressi oriie * i
Hvnoe/¡oeris radicata Common eat's ear * * 2 C
fmootiens zlaiiduli(era Himalavan balsam * * * * * 50
f ris oseudocorus Yellow fiao *

i F
fsotheciuii ll)!Uriim * * 2
JUflCUS articulatus ointed rush * I C
JUJlCllS bulboSllS Bulbous rush * i C
Juncus conzloiieratus Comaact rush * * 2 C
JUllCUS e((usiis Soft rush * * * 3 VC
JUIlCUS inflexus hard rush * 10
KnaUlia arveiisis Field scabious * * 20 e
Lactarius rii(us Rufus milk cap * I
Lat/i)lus oratesis Meadow vetchlimr * i C
Leoidium heteroo/i)'l/uii Smith's nennerwort * * * * 40
Lenio/ala Drocera * 10
Linaria relJelis Pale toadfiax * *

2 0
Lotus corniculatus Common birdsfoot trefoil * * * 3 C
Lotus oeiidiculatus Greater bìrdsfoot trefoil * 10
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L/lvil/us OOIIJf/ivl/us Garden luoin . . . 30
Luzu/a comveslr¡s Fi lcd wood rush . I C
LlIzula sl'lv(ltIca Great wood rush . . . 3 VC
Lvsimacliia liel10rim Yellow pimpeniel . . 2 C
Ma/us sv/vesiris Crab apple . 10
Mecoiiovsis caiibrica Welsh OOOOY . 10 d
Medicaf!o It/Du/iiia Black medic . 10
Mentha aaiialica Water mint . .

2 F
Mentha pioerila Spear mint .

I R
!vercurialis verelilIs Dol!'s mercury . . 2 C
Mimiilus f!t/lIa/iis Monkev flower . . . 30
MÙlUartia Illibrida Fine-leaved sandwort . . 20
Mfliuliliol"ulJ . i
!v)losotis arveiisis Filed foget,me.not . . . . 4 F
Mvosotis scoroioides Water forlIet.me-not . . . . . 5 F
M)iosotis sJ!/vatica Wood fOlQet-nie-not . . 2 R
Nm-dus stricto Mat grass . i VC
Onoiiis rel)eiis Rest harrow . . . . . 50
Oxalis ace/ose/la Wood sorrel . . 2 VC
Poi"mea/ea saxaii/e . i
Parme/ia siiiiiosa . I
Petosites a/bus White butterbur . i O'
Plialaris arimdiiiacea Reed canary l!rass . . . . . 5 C
Pilosella offcil1arum Mouse-car hawk weed . . . 3 R
Pimnine/la saxi raea Burnet saxifra.ge . 10
PiiiiiS s)'lvesfris Scots pine . 10
Plaf!ioml1ium roslralum . . 2
Plaeioml1ium uiidiilalul1 . . . . 4
Plan/a eo laneeo/a/a Ribwort nlantain . . . . . . G VC
POamlllla Annual meadow .grass . i VC
Poa nemora/is Wood meadow grass . . 2 F
Poa ora/eiisis Smooth meadow l!rass . . . . 4 C
Poa subcaerula Soreadinl! meadow 2:rass . . 2 VR
Poa /rivialis Roui!h meadow grass . . . . 4 C
Po!)ipala vu/paris Common llilkwort . 10
pohwoii//m vivinarum Alpine bistort . . 2 F
POljJs/icllUm aculeaiim Hard shield fern . i F
Po/eii/ila aiiserina Silverweed . . . 3 F
Poleiifilla an!ellea Hoarv cinouefoil . . 2 0
Poleiiiilla ereCla Tormentil . . 2 VC
Pofeiifila sieri/ls Barren strawberry . . . 3 F
Primula veris Cowslip . . . . 40 e
Primula viilzaris Primrose . i C
Pruiiella vu/earis Self heal . . 2 C
PrWllSaViiim Wild cherry . 10
Prwlls oar/us Bird cherry . . 2 F
Pruiius soiiiosa Blackthonie . I F
Pseudosclerooodiiiii ourtm . . 2
Pulicaria dvsellerica Common fleabane . ¡ 0
Ouercus robur Pendunculate oak . . . 3 F
Racomitrium caiiescens . . . 3 VR f
Ranunculus acris Meadow buttcrcuD . . . 3 VC
Ralfl1culus ficaria Lesser celendine . . 2 C
Ranunculus flal1mu/a Lesser snearwort . . 2 C
Ranunculus /ilwua Greater spearwort .

I R
Ranunculus reoens Creeoing buttercuo . . . 3 VC
Ranu/lculus sce/eralUs Celery.leayed buttercup . 10
Rhianf!ius minor Yellow rattle . . . . 4 F
Rhodobr)'um roseum . 1
Rh)liidiodelo!ius loveus . ¡
RIl)/idiode/ohus sauarrosus . . . . 4
RhjJtidiode/ohus iriauelrus . . 2
Roriooa l1asturtiuJJ~aquaticiiJJ Watercress .

I R
Rosa caniiia Dog rose . i 0
Rosa rubizinosa Sweet briar . . . . 40
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Rosa fOl1enlosa Downv rose * * I
Rubus (rIlicasus Blackberrv * * * * * * 6 C
Rubus idaeus Rasnberrv * * * * * * 6 C
Rumex acelosa Common sorrel * * * * 4 VC
Rumex aceiosella SheeD's sorrel * * * * 4 C
Rumex obiisifoliiis Broad.leaved dock * * * 3 C
Rumex sOIH!uineus Wood dock * i 0
Russula mairei Beechwood sickner * I
Salixaul'ita Eared wi!1ow * * 2 C
Salix cavrea Goat willow * * 2 C
Sa/Ix cinerea ssn oleifolia Grev willow * * * * 4 C
Sa/Ix lJurpurea Purole willow * 10
Salix viminalis Osier * 10
Salix mvrsini(olia Dark-leaved willow * * * * * * 60
Salix fefraola (hvbrid) S. mvrsilIi(olia x pbjilici(olia * * 2 R
Sambucus liirTm Elder * * * 3 F
Sambucus racciiosa Red-berried elder * 10
SarollUlJ/lIl1S scovarius Broom * * . * * 5 C
Scleral/thus aJ1IUUS Annual knaweJ * 10
ScroDlwlario flodosa Common fi2wort * 10
SCUlellaria í!Gleiicu/aia Common skullcap * I
Senecio o(luolioiis Marsh ragwort . 10
Senecio iacobaea Common ragwort * * * * * 5 C
Senecio viscosus Sticky glOundsel * 10
Senecio vu/earis Groudsel * I R
Si/eiie dioica Red campion * * * 3 C
Si/eiie maritima Sea camoion * * 2 R c
Si/ene vu/£aris Bladder camoion * * 20
Sinavis arveJlsis Chadock * 10
So/idaÇTo vifTai(rea Goldenrod * * 2 F
Staclnis sv/vatica Hedge woundwort * * * * 4 C
Std/aria J!raJliliae Lesser stitchwort * * * * * 5 C
Std/aria h%stea Greater stitchwort * * 2 F
Std/aria media Chickweed * * 2 C
Succisa vratel/se Devilsbit scabious * * * 3 VC
Swun/wtulJ officina/e Common comfrev * * 2 R
Taraxacul1 offcina/e Dandelion * * 2 C
Teesdalia Jludicau/is Sheoherd1s cress *

i R c
Teucriuii scorodonia Wood sal!e * * * * * 5 C
Tlia/ictrum minus Lesser meadow rue * * 20 e
Thuidiufl laJlaraScil111m * * * * 4
Thvl1us drucei Wild thYme * * * 3 C
Tlivl1uS vu/er!Ìoides Lame thYme * 10
Torifis iavonica Hed"e Darselv * 10
Tortu/a rura/i ormis * I
Trifolium prateflse Red clover * *

2 F
Trifolium repeiis White clover . * * * 4 C
Tussi/af!o fa/fara Coltsfoot * * *

3 F
V/ex eurovaeus Gorse * * * * * 5 C
Vrtica dioica Nettle * * * 3 C
Va/aria offcina/is Common valeriaii * i C
Veronica chamaedJ1!s Gemiander soeedwell * * * * * * 6 C
Veronica offcina/is Heath sDeedwell * * * 3 C
Vicia cracca Tufted vetch * I F
Vicia sativa Common vetch * * 20
Viola riviniana Common dol! violet * * * * * 5 C
Viola tric%r Wild Dansev * * * 30
Total number of species in each landform class 51 143 79 93 149 61
Total number of spcies ~ 244
a: Along River Tay
b: Rare near River Tay
c: Shingle islands of rivers Tay, Tummel and Garry
d: Particularly on riverbanks
e: Along rivers Tay, Tummel and Garry
f: New record to Perthshirei 1997
g: Only on Tomdachoille along R. Tummel
* species thought not to be native to Perthshire
0: pre.1970 record in the county
VR: very rare
R: rare
0: occassional

F: frequent
C: common
VC: verv common
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Appendix i o.
Floristic tables of species data from the Ballinluig dataset.

Table i 0, i: TWINSPAN end group 1, SHpc cOl1munity

Code Environmental variable GBI GBl GB3 GB4 GB5 GB6 GB7 GB8 GB9 GBIO

4 Elevation (m) 2,13 2,54 1.63 1.01 1.00 1.00 1.87 1.4 0,01 0.00
7 Soil deDth (cm) 0 0 0 0 0 0 0 0 0 0

10 Shrub height(m) I I I I 2 I 2 I
I I Herb height (cm) 15 40 35 20 37 30 40 32 50 25
12 Moss height (nll11) 3 3 3 3 4 4 4 3
14 Shrub cover (%) 2 5 5 2 2 5 5 I
15 Herb cover(%) 20 25 95 5 20 2 50 la 25 5
16 Moss cover(%) 10 20 la 5 5 30 5 5
2 I Bare shingle (%) 100 95 2 95 LOO la 30 la 50 80
22 Bare soil (including sand) (%) 0 0 3 2 0 0 30 0 45 0
23 ODen water (%) 0 0 0 0 0 0 0 20 20 0
34 SMC(%)

5 9
35 SOMC(%)

i i
38 Soil Darticle size range 7 94 3 94
39 MODOM

5 5
5 I Litter(%) 2 0 2 0 2 0 3 0 5 0
52 CWD(%) 5 20 5 2 3 2 5 2 5 3

Soecies name
1239 Senecio jacobaea i 4 2 3 3 2 4 3 3 4 V
391 Chol1erion GIlQUSti(O/Ùllll 4 3 3 I 2 3 3 2 3 V

1256 Si/eiie IIllifora i 3 8 3 3 6 i 2 2 V
708 Impatiens ¡;landulifera 3 2 2 2 2 2 3 2 iV

1225 Sedum acre 3 4 3 2 i 4 2 I iV
1321 Teucrium scorodoiiia 2 3 I 3 2 3 2 IV
574 Festuca DvinG I 3 i i 2 I II

1179 Salix reoeiis Qf!f!. 3 4 2 2 4 2 II
1254 Silene dioica 2 I 2 I 2 3 II
1296 Ste//aria ¡;raminea i I i i i II
1368 Urtica dioica 2 i 3 2 I 2 II
1939 Rh itidiadelolius ¡areas I 3 I 3 I 2 II
419 Cirsium VU/Rare 2 3 2 i ii

1761 H)'¡ocomiuJl soleiideiis I 4 i 2 ii
1928 Racomitriimi CQlleSCeiis 4 4 4 4 11
482 Diflifa!is purpurea 2 2 i ii
630 Geranium robertIanu11 i I i 11
680 Ho/eiis !aualus 3 2 I ii
973 PlalitafW lanceolala i i 2 ii

1118 Roriooa naslurtiull-aauaticul1 2 i 2 ii
1175 Salix m Jfsimfolia I 3 I ii

104 Achilea miliefolium 2 2 I
127 A 'uzo reotaiis 2 2 i
171 A11lioxQnihum odoratum I i I

1095 Ranunculus repens 2 2 i
1140 Rumex acetosella 2 i I
1220 Serooliularia nodosa i i I
1242 Senecio viseosus 4 1 i
1350 TrifoliuJI reoeiis

I i I
1429 Viola riviiiiana

i I i
2601 Acer oseudoolataiius (f!) 3 i I
2764 Rubus idaeus (R) i 1 I

403 Chl1'san/liemlill leucan/liemiim
2 i

583 Filoendula ulmaria
2 i

662 Hesoe,.is maironalis I I
701 Hvnericum perforaluJI

4 1
822 AncllUsa arvensis 2 I
855 Meniha aaualiea

i i
868 Mimulus f!UlfalllS

3 i
889 Mvosoiis seoroioides

i i
914 Ononis reoens I i

1043 POlen/illa anserina 2 i
1088 Ranunculus ficaria ¡ 1
i 147 Rumex obtusifolius 2 I
1169 Salix cinerea (s) 2 I
1308 S !IwhVfUJI offcinale i i
1349 Tri olium pratense

I I
1396 Veronica ehamaedl1's

3 I
1432 Viola tricolor i i
2602 A III us f!lutiliosa (s) 3 i
2606 Betula oendula (s) 2 I
2613 Fa~us sy/vat/ca (1,) I i
2633 Sambucus n/f!ra (f!) i I
3042 Sarotliamnus scooarius (r¿) 2 i

Number ofsoecies Der samole 9 13 27 9 13 13 16 13 33 15
Mean number of species 16,1
Standard error of the mean 2,461
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Table 10,2: TWINS PAN end group 2, MG5b community

Code Environmental variable SBI SB2 SB3 SB4 SB5 SB6 SB7 SB8 SB9 SBIO

4 Elevation (m) 2,19 2,21 2,00 2,13 2,35 2.40 2.48 2.45 2.44 2.42
7 Soil depth (cm) 21 18 18 18 28 44 32 30 37 42

10 Shrub heioht (m) 1 2 2 i I 2 1 i I
I i Herb height cm) 25 15 15 18 15 20 14 18 15 30
12 Moss height mm) 4 4 4 4 3 3 5 4 6 4
14 Shrub cover %) 3 33 20 33 10 10 33 50 5
15 Herb cover (%) 60 40 20 30 20 33 30 10 30 20
16 Moss cover % 40 60 5 3 20 40 25 33 30 40
17 H 5.4 5,3 5,2 5.2 5,3 5,3 5.5 5.4 5,3
21 Bare shingle (%) 0 0 3 0 0 2 0 10 0 0
22 Bare soil (including sand) (%) 0 0 2 5 5 5 20 5 2 2
23 Open water (%) 0 0 0 0 0 0 0 0 0 0
34 SMC(%) 29 28 14 10 14 7 17 24 22
35 SOMC(%) 4 4 2 2 2 i 2 4 4
36 Tall herb heioht cm 65 80 95 92 72 80 80
37 Tall herb cover (%) 40 90 90 60 90 80 95
38 Range 394 794 794 394 794 794 794
39 MODOM 3 2 5 6 6 7 6 6
51 Litter(% 2 5 5 3 0 3 5 2 2 2
52 CWD %) 0 3 5 2 0 0 2 0 0 0

Species name
403 Chn'sGntlicmuf1 leuconiheiiiiiii 2 i i 2 3 I i 3 2 3 V
574 Fesiuca ovinG 5 8 7 6 6 5 5 6 6 4 V
613 Galiul1 verul1 2 2 3 4 4 3 4 4 4 5 V
680 Ho/eiis ¡ouaius 4 2 4 5 4 5 5 5 7 6 V
973 Ploiita£o lanceo/ala 2 3 2 4 4 3 3 4 4 4 V

1193 CJ!Isus scooarius (s) 3 5 6 6 4 3 4 5 4 2 V
1363 U/ex euroooeus (s) 2 2 i i 2 i I 2 I 2 V

104 Achilea mi/e olium 4 3 2 4 3 4 3 3 4 V
171 AlillioXGl1thuli odoratul1 4 2 3 3 4 3 2 3 i V
576 Fes/uea rubra 4 7 8 4 4 5 5 2 5 V

1179 Salix I'epeiis GefF. 4 i 6 5 4 4 5 6 2 V
251 Briza media 3 3 1 4 2 3 2 3 IV
371 Cel1taurea nipra 2 i 2 2 3 3 3 2 IV
606 Galium boreale 2 4 4 4 4 3 5 5 IV
965 Pilose/la offcinorum aræ 4 6 4 6 3 4 4 4 IV

1270 So/idafIo vIrzourea 2 i 2 1 i 2 2 2 IV
465 Dac/vlis fdomerala i 2 I 2 i 3 2 IV

1296 Stellaria f!raminea i i 2 3 2 4 I IV
1928 Racomiirium CQnescelis 6 7 7 4 5 6 3 IV
800 Lotus eorniculatus 2 3 2 2 3 2 11
914 OI/Gllls revens 3 4 4 2 4 3 11

1056 Primula veris 2 2 3 1 I 1111
1396 Veronica ehamaedrvs i 2 2 1 2 2 11

174 Allliyllis vulneraria 2 3 2 2 3 111
197 Arr!ieiiatlieruii ela/ius 3 3 2 3 7 11
477 Descliamosia cesoitosa cesoitosa 1 i 2 3 3 11
478 DeschamDsia (lexllosa 3 3 5 3 2 11
701 Hvoericum oer(aratum I 2 3 2 3 ILL

1106 Rhiiiaiithus minor 3 2 2 i 2 ILL
1305 Succisa oratensis 2 i i 3 2 ILL
1333 Thviius drucei 3 4 4 4 3 ILL
1429 Viola riviliianCl i 2 i 2 2 ill
578 Festuca vivipara 1 4 4 2 11

1051 Patentilla sterils 2 3 2 i 11
1321 reucrium scorodonia 2 2 3 2 11
1940 Rlwtidiadelohus sQuarrosus 5 4 4 5 11
2776 EUIJ/¡rasia Ilemorosa I 4 4 4 11
460 Cviiosurus cristatus i 3 2 11
704 H)ioochoeris dabra 2 2 i 11
757 Latlivrus Dratensis 3 3 1 11

1081 Ranunculus acris 1 2 ill
1256 Silene vu/~aris 2 2 3 11
1761 Hvlocomium solendens 3 i 2 11
773 Leoidiu11 lieteronliJlllul1 2 2 I

1043 Potentila anserina 2 2 i
167 AJl!elica svlvest,.is 2 i
237 Betula oeiidula (c) I I
288 CaJl0anula rotwidifolia 3 i
575 Festuca pratensis 2 I
988 Poa orateiisis 3 I

1139 Rumex acetosa I I
1239 Senecio iacobaea i i
1298 Stetlaria media i I
2606 Betula oeiidula (s) I i
2785 Alcliemila vUlf!Qris aí!$!. 2 i
2950 Rosa cani/ia (s

I I

Number of species ner samnle 33 35 29 22 25 29 34 29 26 27
Mean number of snecies 28,9
Standard error of the mean 1.1
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Table 10,3: TWINSPAN end group 3. U4b community

Code Environmental Variable GI G2 G3 G4 G5 G6 G7 G8 C9 CIO

4 Elevation (m 1.3 1.6 1.4 1.9 1.2 1.62 1.4 1.01 0,94 0,99
7 Soil de th cm) 40 25 13 15 20 24 124 28 24 34
9 Tree heil!hl (m

i i Herb heÎ 'hi (cm) 10 12 22 10 4 10 17 14 25 22
12 Moss hei rht (mm) 3 5 3 3 2 4 4 3 5 4
i 3 Tree cover (% 2 5 3 4 2 5 2 2 3 2
15 Herb cover %) 30 30 30 60 80 40 25 20 40 15
16 Moss cover % 80 60 85 40 25 85 90 60 85 55
17 H 5,0 5,4 5,0 4.7 4,9 5,0 4,8 5.2 5.5 5,0
21 Bare shin 'le % 0 0 0 5 5 0 0 2 2 0
22 Bare soil including sand) (% 0 2 0 3 2 0 2 3 0 0
23 Goen water % 0 0 0 0 0 0 0 0 0 0
34 SMe %) 17 29 50 40 35 31 17 41 39 38
35 SOMe %) 2 4 9 6 5 6 3 7 4 6
36 Tall herb hei 'hi cm 70 75 82 55 50 63 93 105 107 106
37 Tall herb cover % 70 75 70 40 25 80 75 80 80 90
38 Ran ie 794 794 794 794 794 794 794
39 MODOM 6 5 5 3 5 5 6 5 3 5
51 Litter(%) 2 0 3 5 0 5 3 0 0
52 eWD(%) 0 0 0 0 0 0 0 0 0

Soccies name
171 AliiJioxallthli1i odoraiiiii 2 4 2 3 2 3 4 3 4 4 V
613 Ga/iiiiii'en//l 4 3 I 3 3 5 4 4 5 2 V
914 GiiOllis reneiis 4 4 3 4 5 3 4 4 3 3 V

1761 HI'/ocOIIÌUII snleiidel/s 4 7 8 4 5 4 4 7 4 6 V
1940 Rh 'Iidiadel )Jius se liarl'OSI/S 8 4 4 4 3 8 8 4 I 5 V
237 Beiiila eiidula (c) I 2 2 2 2 2 i 2 1 V
574 Fesliicu oviiia 8 8 6 8 6 8 8 5 7 V
576 Fesfuca I'hra 6 7 4 5 4 4 8 6 5 V
680 Holciis laiiallfs 4 3 I 2 5 3 3 5 4 V
973 PIal/la '0 Iwiceolafa 2 3 3 4 4 2 3 4 4 V
465 Dac/J'/i,i' J!loiiel'afa 3 5 4 2 5 4 4 3 IV
477 DescJialipsia cespilosa cespilo,w I 2 4 3 3 3 4 2 iv

1296 S/ellal'ia 'iwniiiea 3 4 4 2 3 4 2 i IV
1321 TeJlcl'iwli sco/'odaiiia 2 2 4 3 4 2 2 3 IV
371 CellaI/rea iii ira 4 3 I 2 3 5 5 IV
655 He/iclo/l'icJioii ora/eiise 2 4 5 3 5 2 2 iV
965 Pilasel/a amdl/arum a 'i 3 5 4 5 2 2 2 iV

1051 Po/eiiiila s/erils 3 4 2 3 2 3 3 iV
1106 Rhinal/ilii.\ minor 2 i 3 i 2 i 2 iV
1305 Succìwi nratelisi.I' 4 4 2 4 2 2 4 IV
1396 Veroiiica chaIJaedli's 3 2 3 3 4 4 3 iV
i 04 Achillea milefo/iiim 3 5 4 3 4 3 II
197 A/'/'heliaIJiel'/1I elaliii.l 6 4 6 8 5 8 111

1333 Thviil/s driiceì 3 2 2 5 2 I 111
1429 Viola riviiiiaiia 2 3 4 I 2 3 II

153 A/IiIiS 1!/Ii/iIiO,1" (e) I i 2 2 2 II
403 Chri'.wlI/heI11/11Ielicml/helll/11 2 2 2 4 2 111
578 Fesflca vil'inara 4 5 3 i 4 II
971 PÙIlS S)'/vesiris cl 3 2 i 3 I II
455 Galiiiii crucia/a I 2 2 4 11

1056 Primula veri.I' i 2 i 2 11
2776 EuoJirasia liellOro,I'(/ 3 3 2 311

288 Caiinaiiiila rofiiit!i(o/ia 2 2 2 11
478 DescJiali .Iia flexiio.m 4 4 111
701 HJlnericuli ner ora/i(li 2 I 2 11
800 Lolus c01'liicula/u.I' 2 4 2 11

1139 Ruiiexace/asfl 3 2 2 11
103 Acei )seiido )/al(/IUS (c) I i i
251 BrÌza media 3 2 I
583 Filnendula ii/maria 2 3 i
589 Fraxil//fs exce/sior (e) i i I

1046 Po/eii/ila eree/a I I
1081 Raiil/iciilu.l £Icris 3 i i
1175 SaIiXlIl'l:l'lii((Jlia I i I
1239 Senecio "acohaea I i i
1350 Tri oliulJ reneiis 2 2 I
1363 Vlex euronaeiis (s 2 i i
167 Aii 'elie(l sl'¡l'e.\.fris

i i
174 Allt!il'lIs I'ull/eraria 2 I
278 Callww VlI!J!ari.I' 2 i
482 Di iilalis fJllrtiirea i I
606 Galiiiii hareale 2 i
633 Geiim rivale i I
654 Heliamliemu/l chamaesiris 3 i
681 Ho/clislJolls 2 i
757 Lafhvrii.i' n1'a/el/sis 3 I
864 Merciirialis nereJlliis I i

1043 Po/eii/ila anseriiia 2 I
1140 Rumex ace/osella 4 i
1270 SolMa '0 vi/'!aiirea i I
1297 S/etlaria Iwlus/ea I i
1401 Veronica offcùialis I I
1638 Dicraiiiiii .\conarÌ/(1i 2 I
1941 RIiWidiadetnlius trio/(e/ru,~ 5 i
2602 A/nu.\ Jllu/iliosa (s i i
2614 Fraxiiilfs excelsior s i I
2639 Vlex euronaeiis ffl) 2 I
2954 Rosa ruhiviiiosa i i
4435 Pillis svlves/I'is I 1

Number of snecies ncr samole 29 29 31 31 24 31 34 27 21 32
Mean number of snPcies 28,9
Standard error ofihe mean 1.42
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Table 10.4: TWINS PAN end group 4, WI Ic cOl1munity

Code Environmental variable WL W2 W3 W4 W5 W6 W7 W8 W9 WIO
4 Elevalion (m) 1.05 1.50 1.28 1.94 0.64 1.24 1.22 1.45 1.64 1.19
7 Soil deDth (cm) 90 70 86 30 40 80 105 73 120 105
9 Tree height (m) 27 22 10 14 20 32 8 26 23 25

11 Herb height (CI1) 25 31 22 15 25 30 IS 25 20 25
12 Moss height (mm) 3 3 4 3 4 5 3 5 0 3
13 Tree cover (%) 60 60 50 90 60 50 60 80 80 90
15 Herb cover (%) 35 30 70 25 35 45 25 25 33 25
16 Moss cover (%) 50 70 85 90 80 10 90 40 0 15
171pH 4,6 4.8 4.4 4,8 4,9 4.8 4.5 4.3 4,5 4.5
2 i Bare soil (including sand) (%) 0 0 0 0 0 2 0 2 0 0
34 SMC(%) 16 13 14 32 24 21 21 20 12 10
35 SOMC(%) 3 2 3 10 5 3 4 4 3 3
36 Tall herb height (CI1) 82 87 95 70 72 87 LOO 95 90 85
37 Tall herb cover (%) 90 85 40 70 70 70 90 75 90 95
38 MEAN 1 0 i 0 1 0 1 i 2 3
39 MINDOM 5 5 5 4 5 5 5 5 5 5
40 MAXDOM -i -2 - i -2 -1 -2 .2 .2 . i - 1
41 MEDOM 2 0 2 0 i 0 2 2 3 3
42 MODOM 2 0 2 1 I 0 3 2 3 3
43 Range 3,9 7,9 3,9 7,9 3.9 7.9 7.9 7.9 3,9 1.9
44 Heterogeneity 8 9 8 8 7 9 9 9 8 7
51 Litter (%) 0 0 0 5 2 3 5 2 3 2
52 CWD(%) 2 5 2 5 10 5 5 5 10 5

Species name
171 Antlioxantlium odoratum 6 5 4 4 7 5 4 5 6 6 V
197 Arrlienatlierum elatius 7 7 7 4 5 4 3 7 7 6 V
236 Betula pubesceiis (c) 4 4 6 4 7 7 7 8 7 6 V
237 Betula pendula (c) 5 7 3 2 4 3 2 3 2 2 V
574 Festuca ovina 8 8 8 8 8 8 6 7 7 6 V

1429 Viola rivitiiana 3 4 4 3 4 4 3 4 4 4 V
445 Cretaef!us monOf!na (s) 3 3 3 I 1 3 3 3 3 V
681 Holcus mollis 6 7 3 3 4 8 6 6 6 V

1051 Potentila sterils 3 2 2 4 3 3 3 4 4 V
1293 Staclivs svlvatica 4 4 3 4 4 3 3 4 2 V
1396 Veronica cliamaedrvs 3 3 3 3 3 3 3 3 3 V
1761 Hylocomium splendens 4 7 7 4 7 4 7 6 3 V
1940 Rliytidiadelplius SQuarrosus 5 7 8 5 7 3 8 5 6 V
477 Descliampsia cesfitosa cespiiosa 3 3 4 4 4 6 5 4 IV
680 Holcus lanatus 4 3 5 5 3 2 3 61V
971 ?inus svlvestris (c) 5 3 4 7 I 2 2 7 iV
465 Dactvlis f!lomerata 4 4 4 4 4 3 4 4 IV
613 Caliiim veriim 2 3 2 2 3 2 I iV
986 Poa nemoralis 3 3 6 4 2 5 3 IV

1363 Vlex eiirooaeiis (sJ 3 i 2 2 3 2 3 IV
655 Helictotriclion oratense 4 4 5 5 5 5 ii
864 Merciirialis oerennis 7 i 4 i i 11
932 Oxalis acetosella 2 2 3 4 4 3 ii

1046 Potentila erecta 3 3 3 3 3 3 11
1305 Succisa oratensis 2 3 3 4 2 2 ii
1321 Teiicriiim scorodonia 4 2 1 2 2 3 ii
2707 Vicia saliva 2 3 1 2 2 1 11
417 Cirsium Iieteropliyllum 2 3 3 2 4 11
455 Caliiim cruciata 3 3 2 4 3 ii
578 Festiica vivipara 3 7 5 3 4 11
701 Hyoericum per(oratiim 2 2 1 3 3 11
800 Lotus comiciilatiis 3 2 3 2 2 ii

2472 Parmelia siniiosa 3 3 4 3 3 ii
2604 Betula pubesceiis (s) 3 2 2 2 2 ii
2764 Rubiis idaeiis (f!) 4 5 3 4 6 ii
4435 PitlUS svlvestris I 4 4 4 2 ii

153 Alniis f!lutinosa (c J 4 5 3 3 II
371 Centaurea nif!ra 2 i 4 2 II
605 Caliiim aoarine 3 3 3 3 II

1296 Stdlaria f!ramitiea 3 1 I 2 II
1368 Vrtica dioica 1 i 3 2 II

414



Code Species name W1 W2 W3 W4 W5 W6 W7 W8 W9 W10
2003 Thuidium tamarisciiium 4 6 4 3 ii
2633 Sambucus iiif!ra (R) 2 1 2 1 ii

606 Galium boreale 2 3 3 II
630 Geraiiium robertiaiium 2 I 2 ii
633 Geum rivale 1 2 1 Il
988 Poa orateiisis 3 4 3 II

1254 Sileiie dioica 1 2 2 II
1941 Rhytidiadelohus triauetrus 7 4 4 II
2752 PrUllus lJadus (c) 2 2 1 ii

123 Af!rostis calJilarls 3 3 I
278 CallUlia vUlf!aris 2 3 I
431 ColiolJodium malus 2 2 1
478 DeschamlJsia flexuosa 4 4 I
499 Drvopteris dilatata 4 4 I
654 Heliaiithemum chamaestrIs

2 1 1
807 Luzula camlJestris

I 4 I
812 Luzula s)!lvatica 4 3 1
973 Plwitaf!o Iwieeolata 2 3 I

1064 Pruiius padus (s)
1 2 1

1088 Raiiuiiculus ficaria
I 1 I

1297 Stellaria holostea
2 1 1

1298 Stellaria media 2 1 I
1350 Trifolium retJelis 2 2 1
2603 A 111 us zlutùlOsa (R) 2 2 1

103 A eel' pseudoplataiius (c)
1 I

104 Achillea milefolium 2 I
127 Aiuf!a rep tails 

1 I
167 A lIf!elica svlvestris

2 r
338 Carex Dalleseeiis 2 1
419 CirsiUlII vUlf!are 2 1
466 Dactvlorhlza fiichsii

1 1
482 Dif!italis !JuI"urea

I 1
576 Festuca rubra

4 r
589 Fraxiiius exeelsior (c) 2 I
632 Geraiiium svlvaticum

1 1
965 Pilosella o(fcùiarum af!f!

3 1
982 Poa chaixii 2 I

1056 Primula veris
3 1

1081 Ranunculus acris
i i

1175 Salix myrsinifoIia 3 1
1807 PIagiomniul1 undulatul1 3 1
2610 CoryIus avellana (ll) 2 I
261 i Cretaegus l1onogyna (g) 1 1
2623 Prunus padus (g)

2 i
2754 Rosa canina (g) 1 r

Number of species per sample 31 34 37 36 36 34 41 44 33 36
Mean number of species cOl1bined 36.2
Standard error of the mean 1.
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Table 10,5: TW1NSPAN end group 5, W7 community

Code Environmental variable WWt WW2 WW3 WW4 WW5 WW6 WW7 WW8 WW9 WWLO
4 Elevation (11) 0,12 .0,06 -0,19 0,37 0,61 0.44 0,58 1.04 1.9 1.10
7 Soil depth (cm) 74 83 30 47 23 0 11 38 33 60
9 Tree heií!ht (m) 15 20 9 21 13 12 10 6 12 9

11 Herb heií!ht (cm) 10 25 10 25 30 10 15 20 15 15
12 Moss height (mm) 4 3 4 20 15 5
13 Tree cover (%) 85 90 95 90 80 80 80 95 95 90
15 Herb cover (%) 30 15 30 20 20 25 10 30 20 10
16 Moss cover (%) 5 3 3 3 5 3
17 pH 3.7 4 5,3 4,2 4.8 4.6 5 5.4 3,9
21 Bare shingle 0 0 2 0 2 85 3 2 40 5
22 Bare soil (including sand) (%) 5 10 0 10 5 0 5 5 10 10
23 Open water (%) 25 30 20 0 5 95 50 30 50 40
34 SMC(%) 26 46 43 28 47 34 27 14 36
35 SOMC(%) 4 5 5 4 9 4 i i 4
36 Tall herb height (cm) 110 100 110 115 80 130 90 120 90 115
37 Tall herb cover (%) 75 90 80 85 90 10 40 80 80 90
38 Raní!e 794 794 794 794 794 394 794 794
39 MODOM 5 5 5 5 9 4 5 9 5
51 Litter(%) 5 10 5 5 5 0 5 10 5 0
52 CWD(%) 15 25 10 10 15 20 30 30 25 10

Soecies name
103 Acer DseudoD/atalius (c) 2 3 4 I I 6 7 6 7 4 V
589 Frax/iius exce/sior (c) 2 3 5 6 4 3 3 4 4 5 V
605 Ca/iuii aDarilie 5 4 5 4 4 2 4 4 2 3 V
414 Circaea lutetianCl 5 3 4 3 3 3 3 3 4 V
477 DeschallDsia cesDitosa cesIJitosa 3 4 6 7 4 3 8 5 5 V
864 Mercurialis oereiiiiis 4 4 4 3 5 3 3 3 4 V

1429 Viola rivùiiana 3 2 3 2 3 2 2 4 2 V
606 Galiuii bOl'ea/e 2 3 2 I 3 2 I 2 IV
655 Helictotrichoii prateiise 7 6 5 4 6 5 6 7 IV
807 Luzu/a caiipestris 4 2 2 2 2 1 i 2 IV
889 Mvosotis scorpio/des 2 3 3 2 3 3 3 2 iV
197 Arrlienatheruii elatius 7 6 7 4 7 3 6 iV
465 Dactvlis f'/oiierata i 4 4 3 2 3 i iV
583 Fi/iDelidu/a u/iiaria 2 4 2 2 3 2 2 iV

1254 Si/eiie dio/ca 1 2 2 3 2 2 1 iV
1293 Stacl/vs sv/vatica 4 5 4 4 5 3 3 iV

151 Allium ursinulJ 2 2 3 3 2 3 ILL
236 Betu/a Dubesceiis (c) 3 3 2 i i 2 ii
630 Geranium robertianum 3 1 3 2 2 2 ii

1368 Urliea dioica 2 3 2 3 2 3 ii
2752 Prullus Dadus (c) 2 2 2 2 2 1 II
2757 Corv/us aveflaiia (c) 2 2 2 3 3 I ii

574 Festuca ovina 4 3 4 4 4 ii
1175 Sa/Ix iivrsiiii(olia 5 4 4 3 3 ii
1360 Tussi/azo (ar/àra 2 2 3 2 II
350 Carex remota 2 i 2 I II
419 Cirs/uii vu/zare 2 2 I 2 II
499 Drvopteris di/atata 1 2 2 2 II
730 lw/cus effÌisus I 3 2 II
932 Oxalis acetosefla 3 4 5 5 II
971 Piii us sv/vestris (c) 2 3 I I II
990 Poa IrivialLv 3 4 4 6 II

1051 Poteiitifla sterils 4 3 3 2 II
1095 Ranunculus reoens 5 i 3 2 II
1940 Rhvtidiade/phus s(luarl'SIlS 3 3 3 3 II

127 A/uza reD tails I 2 2 II
408 ChrvsosD/eliiuli oppositifò/iiiii 3 3 2 II
445 Crataezus IilOliozvlia M 2 I I II
633 Geum rivale

2 2 I II
855 Meiitha aouatica

5 2 1 II
955 Pha/aris ariiidùiacea

3 3 3 II
1064 Prwiis Dadus (.i) 2 2 1 II
1396 Veronica ehamaedrvs 3 2 I II
1761 Hv/ocoiiiuii sD/elidelis 2 2 3 II
2633 Saiibucus iii.rra re:) 3 1 1 II
455 Ca/Ium cruciata 2 2 i
639 G/vceria fluitaiis

3 3 I
722 Junciis arliculalus i 2 i
986 Poo iicmoralis 3 4 i

1081 Ranunculus acris
i i I
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Code Species name WWL WW2 WW3 WW4 WW5 WW(, WW7 WIV8 WIV9 IVIV 1 0
1088 Ranunculus (¡caria 2 2 1
1187 Saiibucus niara (s) I 1 I
1223 Scutellaria rzalericulata 2 1 1
1308 S)'IIIJ!i)'IUIi offcinale 1 2 I
1321 TeucriulJ searoe/oiiia 2 4 1
1381 Valeriana offcinalis

1 3 1
1593 CUmacium dendroides

2 3 1
1794 MniliJl hornulJ

2 2 1
2600 AceI' IJseudolJlatanus (i) I 2 1
2764 Rubus idaeus (.;)

1 1 1
166 Anemone nemorosa 2 1
361 Carex vesicaria 2 1
417 Cirsiuii !ielerolJ!i)llluli 2 1
431 Conor;odiulJ ma"iis 2 1
482 Dù!italis IJur'lIl'ea

1 1
681 Holcll iiollis 3 1
708 Inwatiens rdanduli(era

2 1
715 Iris lJseudacorus

1 1
1056 Primula veris

1 I
1089 Ranunculus flaiiiiu/a 2 I
1305 Succi,i'a IJratensis

1 1
1941 R!i)'lidiadeIIJ!ius triquetrus 2 1
2003 Tliuidiul1 fama,.iscinulJ 1 1
2472 Parmelia sùlUosa 3 1
2602 A/nus rdulinosa (s) 2 1
2603 A/nus fdutùlOsa (.!! 2 1
2982 Taraxacuii seed/ù/f/sIJ

1 I

Number of species per sample 38 31 31 32 29 25 32 32 32 30
Mean number ofsoecies 31.
Standard error of the mean 1.02
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Table 10.6: TWlNSP AN end group 6, M23 community

Code Environmental variable 1

4 Elevation (m) -1.00
7 Soil depth (cm) 0

10 Shrub height (m) 2
i 1 Herb height (cm) 30
14 Shrub cover (%) 5
15 Herb cover (%) 40
21 Bare shingle (%) 30
22 Bare soil (including sand) (%) 10
23 Open water (%) 75
51 Litter (%) 5
52 CWD (%) 5

Species name
123 Azrostis capilaris 2 V
127 Aiuga rep tans 3 V
228 Barbarea vulzaris 3 V
391 Chamerion anzustifolium 1 V
419 Cirsium vulzare 1 V
522 Epilobium montanum 1 V
583 Filipendula ulmaria 3 V
605 Galium aparine 2 V
662 Hesperis matronalis 1 V
680 Holcus lanatus 3 V
701 Hypericum oerforatum 4 V
708 Impatiens glandulifera 3 V
730 Juncus efJusus 5 V
773 Lepidium heterophyllum 1 V
855 Mentha aauatica 6 V
868 Mimulus guttatus 5 V
889 Myosotis scorpio ides 4 V
955 Phalaris arundinacea 6 V
973 Plantazo lanceolata 1 V

1043 Potentilla anserina 3 V
1095 Ranunculus rep ens 3 V
1098 Ranunculus sceleratus 4 V
1140 Rumex acetosella 2 V
1147 Rumex obtusifolius 1 V
1220 Scrophularia nodosa 1 V
1239 Senecio jacobaea 3 V
1254 Silene dioica 2 V
1256 Silene uniflora 3 V
1296 Stellaria zraminea 1 V
1308 Symphytum offcinale 2 V
1349 Trifolium pratense 2 V
1350 Trifolium repens 3 V
1368 Urtica dioica 3 V
2602 Alnus glutinosa (s) 3 V
2764 Rubus idaeus (g) 2 V
2785 Alchemila vulgaris agg. 1 V

Number of species per sample 36
Mean number of species 36
Standard error of the mean I -1
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Appendix 13.
Species unique to landform units and plant community types within the Ballnhiig dataset

Table 13.1: Plant species identified within the Ballinluig data set showing their distribution within the
geomorphic land units, The rarity of each species within Perthshire is indicated, data on frequency
was acquired from Smith et ai, (1992),
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AceI' nseiidonla/aiiiis Sycamore I I I I 4 C
Achillea 1ii1lefolilili Yarrow I I 2 VC
Azrostis capillaris Common bent I I 2 VC
AIII,f!a rep/ails Bugle I I I I 4 C
Aleheiiilla viilzaris Ladv's mantle I I 2 C
Allium ursinum Ramsons I I 2 F
All/us rdutiiiosa Alder I I I I 4 C
Anchusa arvensis Bugloss I 10
Anemone nemorosa Wood anemone I I VC
AI/zeliea s)'lvestris Wild angelica I I VC
AntlioxClliilium odoratul1 Sweet vernal grass I I 2 VC
Allh)'lIis viiliieria Kidnev vetch I 10
Arrheiiathruiii elatius False oat grass I I I 3 C
Bm'hw'ea vul~aris Common winter cress i 10
Betiila peiidiila Silver birch I I 2 VC
Betiila Diibescel/s Downv birch I I I 3 VC
Briza media IOuaking grass I I F
Ca/hiia vll/fIaris l'leather I I VC
Callpaiiiila rotiiiidifolia Harebell I I C
Carex palleseel/s Pale sed 'e I i F
Carex remota Remote scdge I i 2 F
Carex vesicaria Bladder sedge I 10
eental/rea niJ!fO Common knapweed I I VC
Chameriol/ ol/f!lsti(oliul1 Roscbav Willowherb i I 2 VC
Chrvsalithel1ul1 leucalitheliuJJ Ox eve daisy I I 2 F
Chr)'sosnlcl/iiiii oppositi(oliiiii Oooosite-Ieaved golden saxifraoc i i 2 VC
Circaea lutetiana Common enchanter's nightshade I I 2 F
Cirsiiiii hetero/Jh)'lIiili Melancholy thistle i i 2 F b
Cirsium vule:are Spear thistle I I i 3 C
Climaciull dcndrhJides i I
ColioIJodiuJI maius Pignut I I 2 C
COITlus avellano Hazel I i I 3 C
CretaKeous 11011OKFIla Hawthol1e I I 2 C
Cynosurus cri status Crested dogs-tail i I C
Dae/)'Iis zlollera/a Cocks foot i I I 3 C
Dact)J/orhiza (uchsii Common spotted orchid i I F
Desc/ianllsia ces'Jitosa Tufted hair grass i I I 3 VC
Desc/ial1lJsia flexiiosa Wavy hair grass I I VC
Dicranul1 scolJariul1 I
Dizi/atis /JlIrDlIrea Foxglove I i i 3 VC
Dr)'oDteris dilata Broad buckler fern I I I 3 VC
Epilobiul1 lJontanum Broad-leaved willowherb i I C
Euphrasia Ilemorosa Evebright I i VR
Faf!us sv/vatica Beech i I F
Festuca ovina Sheep's fescue I I i 3 VC
Fesluea oratensis Meadow fescue I 10
Festuca rubra Red fescue i i VC
Festuca vivioara Viviparous fescue I I F
Filiendula u/maria Meadowsweet i i i i 4 VC
Fraxiiius excelsior Ash i I I 3 C
Galium aparine Cleavers i I i 3 C
Galium boreal Northern bed straw I I I 3 F
Galium cruciata Crosswort I I i 3 F
Galium verum Lady's bedstraw I I C
Geranium robertialiul1 Herb robert I I I i 4 C
GeralliUIl svlvaticum Wood cranesbill I i C
Geum rivale Water avens I I 2 C
G1lleeria fiuitans Floating sweet grass I I 2 F
Heliaiithemul1 chal1aecislus Comiion rock rose I 10
He/ictotric/IoJI pratense Meadow oat.grass I I I 30
Hesperis malrona/is Dame's violet I i 20 d
Ho/eus /analus Yorkshire fog i I I 3 VC
Ho/eiis mollis Creeping soft grass i i 2 VC
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HyloCOlil/iUIl splel/del/s

I I I I 4
H)Jlcriciil1 perforatul1 Perforate St, John's wort I I I 30
Hl'"ociioeris "Iabra Smooth cafs-ear I I 0
¡iioatiel/s "Ial/dulifera Himalayan balsam i 1 20
Iris JJseudocoJ'lIs Yellow flag I I F
JiUlClIS articulatus ointed rush i i C
JUI/CUS effisus Soft rush I I 2 VC
Lath)lJus protesis Meadow vetchling i i C
Lepidiuii iieterooiivlluii Smith's pepperwort i I 20
Lotus coriiicufatus Common birdsfoot trefoil i i C
Luzu!a camocstris Filed wood rush I I I 3 C
Luzula s ¡/vatlea Great woodrush i i VC
Mentha aqua/lea Water mint i I 2 F
Jvlercurialis pereiii¡is Dog's mercury i i i 3 C
Mil1u!us Jzutlatus Monkey flower i i 20
MniulJlzorlilil1

i I
klvosotis scor/Jioides Water forget. me-not 1 i 1 3 F
Oiionis re/Jeiis Rest hanow i I 20
Oxalis aeetoselia Wood sorrel i i 2 VC
Parmelia sinuosa

i I 2
Plla/aris arUlidinClcea Reed canary grass 1 i C
Pi/osella offcil/aruii Mouse-ear hawkweed I I R
Piii us sylvestris Scots pine 1 i 20
Pla.f!iol1l1ium ul1dulatul1

i I
Plal/tapeo lal/eeolata Ribwort plantain i I 1 3 VC
Poa chaixii Broad-leaved meadow grass i i R
Poa nel1oralis Wood meadow grass 1 I 2 F
Poa 'Jraleiisis Smooth meadow grass i i C
Poa trivia lis Rough meadow grass i I 2 C
Poteiitilla anserina Silverweed i i i 3 F
Po/emU/a ereeta Tormentil I i VC
Potel/t/lia steri/lis Barren strawberry i i 1 3 F
Primula veris Cowslip i I 20 e
PrUI111S vadus Bird cherry i i i 3 F
Racomilrium calieSCel1S

I i 2 VR f
Ranunculus acris Meadow buttercup i i 2 VC
Ranunculus ficaria Lesser celendine 1 i i i 4 C
Ranunculus flammula Lesser spearwort i i C
Ranunculus relJens Creeping buttercup 1 i i 3 VC
Ranunculus sceleratus Celery-leaved buttercup i 10
Rhianthus minor Yellow rattle i I F
Rii)'tidiodeloiius loveus

i i
Rh)'tidiodelphus squarrosus

i i i 3
Rii)'tidiodelpiius triquetrus

i i 2
RoriplJa IlasturtiuI11-aCluaticu/l1 Watercress i I R
Rosa canino Dog rose i i 0
Rosa rubi.r!Înosa Sweet briar i 1 0
Rubus idaeus Raspberrv i i i i 4 C
Rumex acetosa Common sorrel i I VC
Rumex acetose/la Sheep's sorrel i i I 3 C
Ruiiex obtiisifolius Broad-leaved dock I i 2 C
Salix cil/erea sso oleifolia Grey willow i i C
Salix reoens Creeping willow i i 20
Salix 1i)'Isil/ifolia Dark-leaved willow i 1 i 30
Sambucus nif!ra Elder I I I 3 F
Sarothamiius scoparius Broom I 1 2 C
Scropliularia nodosa Common figwort I I 20
Sciitellaria "alenculata Common skullcao i i 20
Sedum acre Biting stonecrop i 10
Senecio ¡acobaea Common ragwort i i I 3 C
Senecio ViSCOSllS Sticky groundsel 1 10
Si/eue dioica Red campion I i i I 4 C
Si/ene vulgaris Bladder camoion i 1 I 30
Solidago vigaiirea Goldenrod i i F
Stacli)'s ,Iiilvat/ca Hedge woundwort I I 1 3 C
Stellaria fframinae Lesser stitchwort I I i 3 C
Stellaria holostea Greater stitchwort I I F
Ste/laria media Chickweed 1 1 C
Succisa l)rafense Devilsbit scabious I I 2 VC
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S)'IIl)/i)ltlili af(eil/ale Common comfrev I I i 3 R 'g
Taraxacum officiI/ale Dandelion i i 2 C
TeucrIuli/ scorodoiiia Wood saæ i i i I 4 C
Thuidium tamarasciiiiiii

I i 2
TIz)J11uS drucei Wild thvme i i C
Trifolium prateiise Red clover I i 2 F
Trifolium reo eiis White clover i i i 3 C
Tussilaf!a farfimi Coltsfoot I i 2 F
V/ex eurOIJacus Gorse i i C
Urtica dioica Nettle i i i i 4 C
Valaria affcùialis Common valerian i i C
Veronica cliamaedr)ls Germander speedwell I I I I 4 C
Veronica offìciiialis Heath speedwell i i C
Vicia sativa Common vetch i 10
Viola riviliIanCl Common dog violet i i i i 4 C
Viola tricolar Wild Dansev i 10

Total number of species in each land form class 80 58 54 107
Total number of spcies ~ 148
a: Along River Tay
b: Rare near River Tay
c: Shingle islands of rivers Tay, Tummel and Garry
d: Particularly on riverbanks
e: Along rivers Tay, Tummel and Garry
f: New record to Perthshire, 1997
g: Only on Tomdachoille along R, Tummel
* species thought not to be native to Perthshire
0: pre. i 970 record in the county
VR: very rare
R: rare
0: occassional

F: frequent
C: common
VC: verv common
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Table 13.2: Plant species identified within the Ballinluig data set showing their distribution within the plant
communities. The rarity of each species within Perthshire is indicated, data on frequency was acquired
from Smith et al , (1992),
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AceI' pseudoplataniis Sycamore I i i i 4 C
Achillea mille(olium Yan'ow I I i I 4 VC
Agrostis capilaris Common bent I I 2 VC
Ajuga rep taIl Bugle i I i I 4 C
Alchemila vulgaris Lady's mantle 1 I 2 C
Allium ursinum Ramsons 1 IF
Alnus glutinosa Alder i i I i 1 5 C
Anchusa arvensis Bugloss 1 10
Anemone nemo rosa Wood anemone 1 I VC
Angelica sylvestris Wild angelica i 1 1 3 VC
Anthoxanthum odoratum Sweet vemal grass 1 1 i I 4 VC
Anthyllis viilneria Kidney vetch 1 I 20
Arrhenathrum elatius False oat grass i 1 1 i 4 C
Bm'barea vulgaris Common winter cress I 10
Betula pendula Silver birch i 1 1 1 4 VC
Betula pubescens Downy birch i i 2 VC
Briza media Quaking grass 1 i 2 F
Calluna vulgaris Heather 1 1 2 VC
Campanula rotundi(olia Harebell i 1 2 C
Carex pallescens Pale sedge 1 IF
Carex remota Remote sedge 1 IF
Carex vesicaria Bladder sedge i 10
Centaurea nigra Common knapweed i 1 1 3 VC
Chamerion angusti(olium Rosebay Willowherb i i 2 VC
ChlysanthelllUln leucanthemiiin Ox eye daisy i i i 3 F
Chrysosplenium oppositi(olium Opposite-leaved golden saxifrage i I VC
Circaea lutetiana Common enchanter's nightshade i IF
Cirsium heterophyllum Melancholy thistle i 1 2 F b
Cirsium vulgalT Spear thistle i 1 1 1 4 C
Climacium dendrioides

i i
Conopodium majus Pignut i i 2 C
COly!ilS avellana Hazel 1 1 2 C
Cretageous monogyna Hawthorne 1 i 2 C
Cynosurus cristatus Crested dogs-tail 1 i C
Dactylis glomerata Cocksfoot I 1 1 i 4 C
Dactylorhiza fuchsii Common spotted orchid 1 IF
Deschampsia cespitosa Tufted hair grass i i i i 4 VC
Deschampsia flexuosa Wavy hair grass 1 i i 3 VC
Dicranum scoparium

i I
DiRitalis purpurea Foxglove i i 1 i 4 VC
Diyopteris dilata Broad buckler fem i i 2 VC
Epilobium montanum Broad-leaved willowherb I 1 C
Euphrasia nemorosa Eyebright i i 2 VR
Fagus sylvatica Beech i 1 F
Festuca ovina Sheep's fescue I 1 1 1 1 5 VC
Festuca pratensis Meadow fescue i 10
Festuca rubra Red fescue i i i 3 VC
Festuca vivipara Viviparous fescue i I i 3 F
Filiendula ulmaria Meadowsweet 1 1 i i 4 VC
Fraxinus excelsior Ash i i i 3 C
GaliUln aparine Cleavers i i i 3 C
Galium bOl'eal Northem bedstraw i i i i 4 F
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Galium cruciata Crosswort I I I 3 F
Galium verum Lady's bedstraw 1 I I 3 C
Geranium robertianum Herb robert I I I 3 C
Geranium sylvaticum Wood cranesbil I I C
Geum rivale Water avens 1 1 I 3 C
Glyceria fluitans Floating sweet grass I IF
Helianthemum chamaecistus Common rockrose I I 20
Helictotrichon pratense Meadow oat-grass I I 1 30
Hesperis matronalis Dame's violet 1 i 20 d
Holcus lanatus Yorkshire fog I i i i I 5 VC
Holcus molls Creeping soft grass i i I 3 VC
Hylocoiinium splendens

1 1 1 1 1 5
Hypericuii per!oratuii Perforate St, John's wort i 1 i i 1 50
Hypochoeris glabra Smooth cats-ear i 1 0
IlIpatiens f!landuÛ(era Himalayan balsam 1 1 i 30
Iris pseudocorus Yellow flag i IF
Juncus articulatus jointed rush i i C
Juncus eff/sus Soft rush 1 i 2 VC
Lathyrus pratesis Meadow vetchling i i 2 C
Lepidium heterophylluii Smith's pepperwort i 1 20
Lotus corniculatus Common birdsfoot trefoil i 1 1 3 C
Luzula caiipestris Filed woodrush i i 2 C
Luzula sylvatica Great woodrush i 1 VC
Mentha aquatica Water mint 1 i i 3 F
Mercurialis peremiis Dog's mercury i i i 3 C
Mimulus guttatus Monkey flower I i 20
Mnium hornuii

i 1
Myosotis scorpioides Water forget-me-not i i i 3 F
Ononis repens Rest harrow I 1 i 30
Oxalis acetosella Wood sorrel I 1 2 VC
Parnielia sùiuosa

i 1 2
Phalaris arimdùiacea Reed canaiy grass i i 2 C
Pilosella o!fcinarum Mouse-ear hawkweed i i i 3 R
Pùius sylvestris Scots pine 1 1 1 30
Plagioiinium undulatum

i i
Plantago lanceolata Ribwort plantain i 1 i i i 5 VC
Poa chaixii Broad-leaved meadow grass 1 I R
Poa nemoralis Wood meadow grass i 1 2 F
Poa pratensis Smooth meadow grass i i 2 C
Poa trivia lis Rough meadow grass i i C
Potentila anserina Silverweed i 1 1 i 4 F
Potentilla ereeta TOffientil i i 2 VC
Potentila sterills Barren strawbeny 1 i i i 4 F
Primula veris Cowslip 1 1 1 1 40 e
Prunus vadus Bird cheny i i 2 F
Racomitriuii canescens i I 2 VR f
Ranunculus acris Meadow buttercup I 1 1 I 4 VC
Ranunculus ficaria Lesser celendine 1 I I 3 C
Ranunculus flammula Lesser spearwort i i C
Ranunculus revens Creeping buttercup I 1 1 3 VC
Ranunculus sceleratus Celery-leaved buttercup

I 10
Rhianthus minor Yellow rattle i i 2 F
Rhytidiodelphus loveus

I 1
Rhytidiodelphus squarrosus

i 1 1 1 4
Rhytidiodelphus triquetrus

i i i 3
Rorippa nasturtium-aquaticum Watercress 1 1 R
Rosa canùia Dog rose i 1 20
Rosa rubigùiosa Sweet briar i i 0
Rubus idaeus Raspberry i 1 1 1 4 C
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Rumex acetosa Common sonel 1 I 2 VC
Rumex acetosella Sheep's sorrel i i i 3 C
Rumex obtusifolius Broad-leaved dock 1 i 2 C
Salix cinerea ssp oleifolia Grey wilow i i C
Salix repens Creeping wilow i i 20
Salix myrsùiifolia Dark-leaved wilow i i i 1 40
Sambucus nigra Elder i I I 3 F
Sarothamnus scoparius Broom I i 2 C
Scrophularia nodosa Common figwort I I 20
Scutellaria galenculata Common skullcap I 10
Sedum acre Biting stone crop i 10
Senecio jacobaea Common ragwort I I 1 I 4 C
Senecio viscosus Sticky groundsel i 10
Silene dioica Red campion i i i 1 4 C
Silene vulgaris Bladder campion 1 i i 30
Solidaf!o vigaurea Goldenrod I 1 2 F
Stachys sylvalica Hedge woundwort 1 1 2 C
Stellaria gramùiae Lesser stitchwort 1 1 i i I 5 C
Stellaria holostea Greater stitchwort I 1 2 F
Stellaria media Chickweed i 1 2 C
Succisa pratense Devilsbit scabious 1 1 i i 4 VC
Symphytum offcinale Common comfrey 1 1 1 3 R gTaraxacum offcinale Dandelion 1 1 C
Teucrium scorodonia Wood sage i 1 i I 1 5 C
Thuidium tamarascinum

i i 2
Thymus drucei Wild thyme i i 2 C
Trifolium pratense Red clover i 1 2 F
Trifolium repens White clover i 1 1 i 4 C
Tussilagofarfara Coltsfoot i 1 F
Ulex europaeus Gorse i i i 3 C
Urtica dioica Nettle 1 1 1 3 C
Valaria offzcùialis Common valcrian 1 I 2 C
Veronica chamaedrys Germander speedwell 1 i i i i 5 C
Veronica offcinalis Heath speedwell i i C
Vicia saliva Common vetch i 10
Viola rivùúana Common dog violet i i i i i 5 C
Viola tricolor Wild pansey 1 10

Total number of species in each landfonii class 54 55 65 81 72 36
Total number of spcies = 148
a: Along River Tay
b: Rare near River Tay
c: Shingle islands of rivers Tay, Tummcl and Garry
d: Particularly on riverbanks
e: Along rivers Tay, Tummel and Garry
f: New record to Perthshire, 1997
g: Only on Tomdachoile along R, Tummel
* species thought not to be native to Perthshire
0: pre-I970 record in the county
VR: very rare
R: rare
0: occassional

F: frequent
C: common
VC: very common
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Appendix 14.
Bonferroiii post-hoc tests results for ANOV A.

Table 14: Bonferroni post hoc test for ANOV A showing the significant mcan differences between
landform types in bold at thc 5% significance leveL. Analysis was performed for significant ANOV A results,
Landform i = side-arm; 2 = abandoned channel; 3 = point bar; 5 = floodplain,

a) Elevation (m)

Mean Std. Error Sig. 95% Confidence Interval
(I) LANDFORM (1) LANDFORM Difference (l.1) Lower Bound Upper Bound

i 2 0.43 0.38 1.000 -0.61 1.46
3 -0,61 0,32 0.377 -1.49 0.27
5 -1.08 0.28 0.002 -1.85 -0,32

2 1 -0.43 0,38 1.000 -1.46 0.61
3 -1.04 0.34 0.022 -1.97 -0,10
5 -1.1 0,30 0.000 -2,33 -0.68

3 1 0.61 0,32 0,377 -0.27 1.49
2 1.04 0,34 0.022 0,10 1.97
5 -0.47 0,23 0,263 -1.09 0,15

5 i 1.08 0,28 0.002 0.32 1.85
2 1.51 0.30 0.000 0,68 2,33
3 0.47 0,23 0,263 -0.15 1.09

b) H'

Mean Std, Error Sig, 95% Confidence Interval
(I) LANDFORM (1) LANDFORM Difference (l.1) Lower Bound Upper Bound

1 2 -0,22 0,15 0.851 -0,63 0.19
3 0,30 0.13 0,/32 -0,05 0,65
5 -0.19 0,11 0,581 -0.49 0,12

2 i 0,22 0,15 0.851 -0,19 0.63
3 0,52 0,13 0.002 0,15 0,89
5 0,04 0,12 1.000 -0,29 0,36

3 i -0.30 0,13 0,/32 -0.65 0,05
2 -0,52 0,13 0.002 -0,89 -0.15
5 -0.49 0,09 0.000 -0.73 -0,24

5 I 0,19 0,11 0,581 -0,12 0.49
2 -0.04 0,12 1.000 -0,36 0,29
3 0.49 0,09 0.000 0,24 0,73

c) S

Mean Std, EITor Sig, 95% Confidence Interval
(I) LAND FORM (1) LAND FORM Difference (l-1) Lower Bound Upper Bound

1 2 -1.03 3,35 1.000 -10,26 8,19
3 15,07 2.86 0.000 7,20 22,93
5 -0,17 2.47 1.000 -6.98 6,65

2 i 1.03 3.35 1.000 -8,19 10.26
3 16.10 3,03 0.000 7,76 24.44
5 0,87 2,67 1.000 -6.49 8,22

3 i -15,07 2.86 0.000 -22,93 -7,20
2 -16,10 3,03 0.000 .24.44 -7,76
5 -15,23 2,02 0.000 -20.80 -9.67

5 i 0,17 2.47 1.000 -6,65 6,98
2 -0.87 2,67 1.000 -8.22 6.49
3 15,23 2.02 0.000 9.67 20.80

431



d) Soil depth (cm)

Mean Std, Error Sig, 95% Confidence Interval
(1) LANDFORM (1) LAND FORM Difference (1-1) Lower Bound Upper Bound

1 2 -27,63 17,90 0,776 -76,94 2167
3 23,67 15.27 0,767 -18.38 65,72
5 -22.87 13,22 0.542 -59,28 13.55

2 1 27,63 17,90 0.776 -21.67 76,94
3 51.30 16,19 0.016 6,70 95,90
5 4,77 14,28 1.000 -34,57 44,10

3 1 -23,67 15.27 0,767 -65.72 18,38
2 -51.0 16,19 0.016 -95,90 -6.70
5 -46,53 10,79 0.000 -76,27 -16,80

5 1 22.87 13.22 0,542 -13.55 59,28
2 -4,77 14,28 1.000 -44,10 34,57
3 46.53 10.79 0.000 16.80 76,27

e) Mean paiiicle size

Mean Std, En-o Sig, 95% Confidence Interval
(1) LANDFORM (1) LAND FORM Difference (1-1) Lower Bound Upper Bound

1 2 0,35 0,72 1.000 .1.64 2.34
3 1.50 0.66 0,163 -0,32 3,32
5 -0.35 0,57 1.000 -1.93 1.23

2 1 -0,35 0,72 1.000 -2,34 1.64
3 1.5 0,61 0,399 -0.54 2,84
5 -0,70 0,52 1.000 -2,14 0.73

3 1 -1.50 0.66 0,163 -3.32 0,32
2 - 1.5 0,61 0.399 -2,84 0,54
5 -1.85 0.43 0.001 -3,04 -0,67

5 1 0.35 0,57 1.000 -1.3 1.93
2 0,70 0,52 1.000 -0,73 2.14
3 1.85 0.43 0.001 0,67 3,04

f) MINDOM

Mean Std. Error Sig, 95% Confidence Interval
(1) LANDFORM (1) LANDFORM Difference (1-1) Lower Bound Upper Bound

1 2 0,35 1.21 1.000 -2,99 3.69
3 -2.20 1.0 0,315 -5.25 0,85
5 0,23 0,96 1.000 -2.43 2,89

2 1 -0,35 1.21 1.000 -3,69 2,99
3 -2.55 1.03 0,102 -5,39 0,29
5 -0,12 0,87 1.000 -2,53 2.30

3 1 2,20 1.0 0,315 -0,85 5,25
2 2,55 1.03 0.102 -0.29 5.39
5 2.43 0.72 0.009 0.44 4.42

5 1 -0,23 0,96 1.000 -2.89 2.43
2 0,12 0,87 1.000 -2,30 2.53
3 -2.43 0,72 0.009 -4.42 -0.44

432



g)MAXDOM

Mean Std, Error Sig, 95% Confidence Interval
(I) LANDFORM (1) LAND FORM Difference (I-1) Lower Bound Upper Bound

I 2 0.00 20,02 1.000 -55.43 55.43
3 -197,50 18,27 0.000 -248,10 -146,90
5 -0,07 15,92 1.000 -44.14 44,00

2 i 0,00 20,02 1.000 -55.43 55.43
3 -197.50 17,01 0.000 -244.60 -150.40
5 -0,07 14.45 1.000 AO,08 39,94

3 1 197.50 18,27 0.000 146.90 248.10
2 197,50 17.01 0.000 150.40 244,60
5 197.43 11.92 0.000 164.43 230.43

5 I 0,07 15,92 1.000 -44,00 44,14
2 0.07 14.45 1.000 -39.94 40,08
3 -197.43 11.92 0.000 -230.43 -164.43

h)MEDOM

Mean Std. Error Sig. 95% Confidence Interval
(I) LANDFORM (1) LANDFORM Difference (I-1) Lower Bound Upper Bound

1 2 0,10 0,75 1.000 -1.97 2,17
3 1.63 0,68 0,131 -0.26 3,51
5 .0,09 0.59 1.000 -1.3 1.56

2 1 -0.10 0,75 1.000 -2.17 1.97
3 1.53 0,64 0.125 -0,23 3.28
5 -0.19 0,54 1.000 -1.68 1.1

3 I -1.63 0.68 0,131 -3,51 0,26
2 -1.53 0,64 0,125 -3,28 0,23
5 .1.1 0.44 0.002 -2,94 -0.48

5 1 0,09 0,59 1.000 -1.6 1.3
2 0,19 0,54 1.000 -1.1 1.68
3 1.1 0.44 0.002 0.48 2,94

1) MODOM

Mean Std, EITor Sig, 95% Confidence Inlerval
(I) LANDFORM (1) LANDFORM Difference (I-1) Lower Bound Upper Bound

I 2 0,10 0,93 1.000 -2.47 2.67
3 5,63 0.85 0.000 3,28 7,97
5 -0,74 0,74 1.000 -2,78 1.0

2 I -0,10 0.93 1.000 -2,67 2.47
3 5.53 0,79 0.000 3.34 7,71
5 .0,84 0,67 1.000 -2,70 1.01

3 I -5.63 0,85 0.000 -7,97 -3,28
2 -5,53 0,79 0.000 -7,71 -3.34
5 -6,37 0.55 0.000 -7,90 -4,84

5 1 0,74 0,74 1.000 -1.30 2,78
2 0.84 0.67 1.000 -1.01 2.70
3 6.37 0,55 0.000 4.84 7,90
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j) Range

Mean Std. Error Sig, 95% Confidence Interval
(1) LANDFORM (1) LANDFORM Difference (1-1) Lower Bound Upper Bound

i 2 0.41 28,76 1.000 -78,87 79,70
3 -145.58 24,90 0.000 -214.24 -76,91
5 -0,86 21.96 1.000 -61.41 59,70

2 1 -0.41 28,76 1.000 -79,70 78,87
3 -145,99 24,90 0.000 -214,66 -7733
5 -1.27 21.96 1.000 -61.83 59,29

3 i 145.58 24,90 0.000 76,91 214.24
2 145,99 24.90 0.000 7733 214,66
5 144.72 16,60 0.000 98.94 190,50

5 1 0,86 21,96 1.000 -59,70 61.41
2 1.7 21.96 1.000 -59.29 61.83
3 -144,72 16,60 0.000 -190,50 -98,94

k) Soil group

Mean Std, ElTor Sig. 95% Confidence Interval
(1) LAND FORM (1) LANDFORM Difference (1-1) Lower Bound Upper Bound

i 2 .1.03 0,68 0,824 -2.92 0,85
3 3,77 0,58 0.000 2,16 5,37
5 -0,90 0,50 0.487 -2,29 0.49

2 1 1.03 0,68 0.824 -0,85 2.92
3 4,80 0.62 0.000 3,10 6,50
5 0.13 0,55 1.000 .1.7 1.64

3 1 -3,77 0,58 0.000 -5,37 -2.16
2 -4.80 0.62 0.000 -6.50 .3,10
5 -4,67 0.41 0.000 -5,80 .3.53

5 1 0.90 0.50 0.487 -0.49 2,29
2 -0,13 0,55 1.000 -1.64 1.7
3 4,67 0.41 0.000 3.53 5,80
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Appendix 15.
Summary statistics of temporal analysis of landscape patches along the River

Tummel between 1946-1994.

Table 15.1: Temporal variations in the mean area (ha2) of landscape patches
within the Tomdachoille reach of the River Tummel.
- land cover type absent

Land cover 1946 Stdev 1968 Stdev 1971 Stdev 1988 Stdev 1994 Stdev
Abandoned point bar - - - - - - 2.07 0 0.28 2561
Betula woodland 3.54 0 4.17 0 3.96 0 5.99 0 1.85 24160
S. scoparius scrub 0.09 0 0.88 3090 0.52 4675 0.44 2945 0.24 5352
Coarse grassland - - 4.54 0 4.28 0 2.80 0 2.10 0
Cut-off channel 0.74 1873 - - - - 1.86 0 - -
Herb rich grassland 3.32 29319 2.40 10688 1.05 11467 1.5 1705 0.61 5801
Mid-channel bar - - 0.19 0 0.24 1376 0.22 0 0.05 499
Open water - - - - - - - - 0.02 186
Pasture 16.34 0 7. 11 15190 7.12 52483 9.90 29415 9.13 18495
Riparian woodland (gravel) 0.48 5343 0.28 1381 0.20 984 0.38 1237 0.22 2415
Riparian woodland (sandy) 0.30 0 0.14 0 0.15 689 1.68 3175 0.73 5652
River 10.95 0 11.44 o 14.78 0 10.97 0 14. 11 0
Scrub 0.23 3021 0.44 0 0.15 1712 0.44 0 0.21 2188
Gravel (herb rich) - - - - - - - - 0,16 1392
Gravel (partially colonised) - - 0.71 0 0.34 3639 - - 0.22 0
Backwater - - - - - - 0.25 0 0.72 6682
Swamp G. f/uitans - - - - - - - - 0.05 0
Unvegetated gravel 1.5 7410 1.2 12000 0.57 6916 2.2 10178 1.03 13137
Vegetated mid-channel bar - - 0.17 0 - - 0.45 0 0.43 0
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Table 15.2: Temporal variation in shape indices SI and S2 within the
Tomdachoille reach on the River Tummel between 1946-1994.
- land cover type absent.
a) SI
Land cover 1946 Stdev 1968 Stdev 1971 Stdev 1988 Stdev 1994 Stdev
Abandoned point bar - - - - - - 0.06 0.00 0.20 0.06
Betula woodland 0.05 0.00 0.04 0.00 0.06 0.00 0.05 0.00 0.09 0.07
S. scoparius scrub 0.24 0.00 0.09 0.02 0.14 0.04 0.11 0.01 0.33 0.17
Coarse grassland - - 0.02 0.00 0.02 0.00 0.03 0.00 0.04 0.00
Cut-off channel 0.19 0.02 - - - - 0.10 0.00 - -

Herb rich grassland 0.06 0.03 0.04 0.00 0.15 0.12 0.05 0.00 0.20 0.15
Mid-channel bar - - 0.24 0.00 0.13 0.05 0.15 0.00 0.34 0.18
Open water - - - - - - - - 0.56 0.28
Pasture 0.01 0.00 0.02 0.01 0.06 0.03 0.01 0.00 0.01 0.00
Riparian woodland (gravel) 0.16 0.01 0.14 0.03 0.17 0.04 0.10 0.02 0.21 0.06
Riparian woodland (sandy) 0.15 0.00 0.24 0.00 0.18 0.04 0.09 0.02 0.17 0.04
River 0.05 0.00 0.06 0.00 0.05 0.00 0.05 0.00 0.04 0.00
Scrub 0.47 0.37 0.08 0.00 0.23 0.11 0.07 0.00 0.33 0.23
Gravel (herb rich) - - - - . - - - 0.18 0.07
Gravel (partially colonised) - - 0.06 0.00 0.13 0.03 - - 0.15 0.00
Backwater - - . - - - 0.26 0.00 0.17 0.04
Swamp G. fluitans - - - - - - - - 0.43 0.00
Unvegetated gravel 0.11 0:04 0.16 0.11 0.32 0.31 0.07 0.02 0.56 0.65
Vegetated mid-channel bar - - 0.12 0.00 - - 0.07 0.00 0.08 0.00
b) S2
Land cover 1946 Stdev 1968 Stdev 1971 Stdev 1988 Stdev 1994 Stdev
Abandoned point bar - - - - - - 1.7 0.00 1.46 0.39
Betula woodland 2.45 0.00 1.2 0.00 3.12 0.00 2.10 0.00 0.93 0.14
S. scoparius scrub 2.00 0.00 1.3 0.04 1.0 0.42 1.08 0.31 1.0 0.72
Coarse grassland - - 0.74 0.00 1.22 0.00 0.89 0.00 0.85 0.00
Cut-off channel 4.52 0.07 - - - - 2.23 0.00 - -
Herb rich grassland 2.4 1 0.98 0.95 0.12 1.8 0.23 0.94 0.01 1.60 0.69
Mid-channel bar - - 1.65 0.00 0.92 0.14 0.90 0.00 0.90 0.07
Open water - - - - - - - - 0.87 0.10
Pasture 1.46 0.00 0.72 0.18 1.79 0.30 0.65 0.15 0.68 0.10
Riparian woodland (gravel) 2.92 2.17 1.2 0.54 1.21 0.53 0.97 0.07 1.24 0.42
Riparian woodland (sandy) 2.36 0.00 2.29 0.00 1.09 0.35 1.95 0.57 2.04 0.92
River 4.24 0.00 1.25 0.00 3.12 0.00 2.37 0.00 2.25 0.00
Scrub 3.31 0.98 1.28 0.00 0.91 0.09 0.74 0.00 1.67 0.87
Gravel (herb rich) - - - - - - - - 0.94 0.09
Gravel (partially colonised) - - 0.28 0.47 1.02 0.30 - - 1. 1 0.00
Backwater - - - - - - 2.08 0.00 1.97 0.56
Swamp G. fluitans - - - - - - - - 1.46 0.00
Un vegetated gravel 3.24 0.63 2.87 1.9 1.6 0.52 1.45 0.51 1.60 0.73
Vegetated mid-channel bar - - 1.3 0.18 - - 0.77 0.15 0.80 0.00
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Table 15.3: Temporal variation in the mean area (ha2) of land cover types within
the River Tummel study area between 1946-1994 (excluding 1971).

Land cover type absent.

Land cover 1946 Stdev 1968 Stdev 1988 Stdev 1994 Stdev
Abandoned point bar 1.56 0 - - 2.07 0 0.28 2561
Aquatic vegetation E. fluviatile - - - - 0.07 0 0.02 0
Arable 10.20 0 10.42 0 9.12 0 - -

Betula woodland 1.93 15790 5.71 21743 5.80 2653 1.38 19686
S. scoparius scrub 0.15 948 0.65 4554 0.39 2256 0.21 29719
Coarse grassland 3.31 23250 1.78 16313 0.99 15672 0.84 9083
Cut-off channel 0.96 3405 - - 1. 16 9928 0.42 3832
Herb rich grassland 2.59 28207 1.82 12470 1.00 9381 0.70 6501
Mid-channel bar 0.37 2167 0.51 2956 0.77 7857 0.32 5053
Open water 0.06 26 0.27 0 - - 0.02 691
Pasture 12.13 119842 8.53 69437 10.13 66253 9.77 33542
Riparian woodland (gravel) 0.45 3512 1.08 13393 0.48 1852 0.36 4760
Riparian woodland (sandy) 2.09 24673 3.13 51136 8.20 95032 2.80 35001
River 25.84 0 24.83 0 25.95 0 31.73 0
Scots pine wood - - - - 0.67 0 1.48 0
Scrub 0.39 4312 0.64 2837 0.85 7050 0.18 2384
Gravel (herb rich) - - - - - - 0.33 3678
Gravel (partially colonised) 0.08 968 0.88 2348 - - 0.22 0
Backwater 0.23 0 0.51 1444 0.36 1462 0.34 3915
Swamp G. fluitans - - - - - - 0.05 0
Unvegetated gravel 1.30 17508 1.39 10729 1.75 10384 0.53 9118
Vegetated mid-channel bar - - 0.17 0 0.45 0 0.26 1722
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Table 15.4: Temporal variation in shape indices SI and S2 within the River Tummel study area
between 1946-1994 (excluding 1971).
- land cover type absent
a) SI
Land cover 1946 Stdev 1968 Stdev 1988 Stdev 1994 Stdev
Abandoned point bar 0.12 0.00 - - 0.06 0.00 0.20 0.06
Aquatic vegetation E. flu via tile - - - - 0.22 0.00 0.51 0.00
Arable 0.02 0.00 0.02 0.00 0.02 0.00 - -
Betula woodland 0.08 0.03 0.05 0.01 0.04 0.01 0.14 0.08
S. scoparius scrub 0.19 0.09 0.11 0.04 0.11 0.01 0.32 0.16
Coarse grassland 0.07 0.02 0.06 0.03 0.15 0.11 0.14 0.09
Cut-off channel 0.18 0.02 - - 0.13 0.04 0.24 0.05
Herb rich grassland 0.14 0.04 0.06 0.03 0.11 0.08 0.16 0.11
Mid-channel bar 0.11 0.04 0.12 0.10 0.10 0.07 0.25 0.22
Open water 0.30 0.06 0.10 0.00 - - 0.56 0.28
Pasture 0.02 0.01 0.02 0.01 0.02 0.01 0.02 0.00
Riparian woodland (gravel) 0.18 0.04 0.11 0.04 0.10 0.02 0.20 0.09
Riparian woodland (sandy) 0.10 0.04 0.10 0.06 0.07 0.03 0.14 0.06
River 0.05 0.00 0.05 0.00 0.05 0.00 0.04 0.00
Scot's pine wood - - - - 0.06 0.00 0.06 0.00
Scrub 0.27 0.24 0.08 0.00 0.08 0.02 0.30 0.21
Gravel (herb rich) - - - - - - 0.16 0.07
Gravel (partially colonised) 0.35 0.22 0.08 0.03 - - 0.15 0.00
Backwater 0.24 0.00 0.14 0.03 0.21 0.07 0.26 ' 0.11
Swamp G. fluitans - - - - - - 0.43 0.00
Unvegetated gravel 0.16 0.11 0.11 0.09 0.08 0.05 0.41 0.39
Vegetated mid-channel bar - - 0,06 0.00 0.05 0.03 0,15 0.08
b) S2

Land cover 1946 Stdev 1968 Stdev 1988 Stdev 1994 Stdev
Abandoned point bar 2.38 0.00 - - 1.7 0.00 1.46 0.39
Aquatic vegetation E. flu via tile - - - - 0.94 0.00 1.18 0.00
Arable 0.89 0.00 0.89 0.00 0.79 0.00 - -
Betula woodland 1.6 0.74 1.75 0.61 1.1 0.55 1.08 0.37
S. scoparius scrub 1.00 0.18 1.4 0.17 1.04 0.24 1.27 0.62
Coarse grassland 1.4 0.88 1.05 0.23 0.90 0.09 1.6 0.46
Cut-Off channel 2.68 0.17 - - 1.98 0.35 2.25 0.72
Herb rich grassland 2.52 0.51 1.01 0.13 1.05 0.40 1.46 0.66
Mid-channel bar 0.90 0.09 1.0 0.48 0.97 0.20 1.04 0.20
Open water 1.5 0.21 0.82 0.00 - - 0.87 0.10
Pasture 0.98 0.21 0.85 0.01 0.78 0.03 0.81 0.15
Riparian woodland (gravel) 1.75 0.72 1.9 0.58 1.07 0.17 1.2 0.48
Ripariancwoodland (sandy) 1.88 1.8 1.60 0.45 2.26 0.55 1.93 0.79
River 3.86 0.00 4.34 0.00 4.09 0.00 4.09 0.00
Scot's pine wood - - - - 0.82 0.00 1.3 0.00
Scrub 1.2 0.53 0.96 0.24 1.0 0.32 1.24 0.56
Gravel (herb rich) - - - - - - 1.09 0.31
Gravel (partially colonised) 1.08 0.22 1.27 0.65 - - 1.1 0.00
Backwater 1.84 0.00 1.54 0.11 1.89 0.27 1.85 0.37
Swamp G. fluitans - - - - - - 1.46 0.00
Unvegetated gravel 3.61 0.94 2.60 0.96 2.52 0.92 2.47 1.3
Vegetated mid-channel bar - - 0.39 0.00 0.77 0.01 1.03 0.27
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Table 15.5: Temporal variation in the mean area (ha2) of landscape patches
within the River Tummel study area between 1946-1994 (excluding 1971).

Land cover type absent.

Land cover 1946 Stdev 1968 Stdev 1988 Stdev 1994 Stdev

Abandoned channel 0.70 1515 1.51 4089 0.30 0 0.91 0

Abandoned point bar 3.51 0 - - 4.15 0 3.02 0
Alluvial plug - - - - 0.72 0 - -

Channel 26.07 o 24.83 o 25.95 o 31.75 0

Cut-off channel 1.28 2084 - - 1.16 9928 0.33 3146
Embankment 1.11 0 0.88 3090 0.72 0 0.39 0
Floodplain (agriculture) 11.66 85128 8.65 56746 9.88 54329 9.74 52470
Floodplain (semi-natural) 5.52 34600 7.53 62227 10.76 98673 6.07 70189
Mid-channel bar (unvegetated) 0.37 2167 0.58 1912 0.77 7857 0.37 5421
Mid-channel bar (vegetated) - - 0.37 0 0.45 0 0.43 0

Point bar 2.07 12065 2.68 23815 3.44 20197 2.62 17797
River banks 0.87 7619 1.15 9559 1.46 0 1.35 11884
Lateral bar 1.54 19534 0.48 4037 0.65 6110 0.37 5901
Backwater 0.18 726 0.51 1444 0.36 1462 0.32 ' 4036
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Table 15.6: Temporal variation in the shape indices SI and S2 of the
geomorphic landforms within the River Tummel study area between 1946-
1994.

Land cover type absent
a) SI
Land cover 1946 Stdev 1968 Stdev 1988 Stdev 1994 Stdev

Abandoned channel 0.18 0.02 0.09 0.02 0.15 0.00 0.10 0.00

Abandoned point bar 0.04 0.00 - - 0.04 0.00 0.04 0.00
Alluvial plug - - - - 0.08 0.00 - -

Channel 0.05 0.00 0.05 0.00 0.05 0.00 0.04 0.00
Cut-off channel 0.15 0.01 0.00 0.00 0.13 0.04 0.29 0.09
Embankment 0.13 0.00 0.09 0.02 0.10 0.00 0.15 0.00
Floodplain (agriculture) 0.02 0.01 0.02 0.01 0.02 0.01 0.02 0.01

Floodp1ain (semi-natural) 0.04 0.02 0.04 0.02 0.03 0.01 0.04 0.01

Mid-channel bar (unvegetated) 0.1 1 0.04 0.08 0.03 0.10 0.07 0.26 0.23
Mid-channel bar (vegetated) - - 0.08 0.00 0.07 0.00 0.08 0.00
Point bar 0.07 0.02 0.07 0.04 0.04 0.02 0.07 0.05
River banks 0.14 0.06 0.11 0.07 0.08 0.00 0.12 0.08
Lateral bar 0.14 0.16 0.17 0.11 0.17 0.07 0.37 0.26
Backwater 0.26 0.03 0.14 0.03 0.21 0.07 0.26 0.11

b) S2
Land cover 1946 Stdev 1968 Stdev 1988 Stdev 1994 Stdev

Abandoned channel 4.17 0.61 3.16 0.17 2.36 0.00 2.81 0,00

Abandoned point bar 2.19 0.00 - - 2.27 0.00 2.00 0.00
Alluvial plug - - - - 1.95 0.00 - -

Channel 6.65 0.00 7.69 0.00 6.68 0.00 6.71 0.00
Cut-off channel 4.75 0.57 - - 3.51 0.63 4.04 0.90
Embankment 3.98 0.00 2.36 0.06 2.30 0.00 2.70 0.00
Floodp1ain (agriculture) 1.57 0.37 1.44 0.13 1.8 0.04 1.40 0.11

F1oodp1ain (semi-natural) 1.90 0.36 2.16 0.65 2.58 1.0 2.23 1.05

Mid-channel bar (unvegetated) 1.59 0.16 1.61 0.28 1.72 0.36 1.67 0.24
Mid-channel bar (vegetated) - - 1.44 0.00 1.7 0.00 1.43 0.00
Point bar 2.74 0.43 2.55 0.42 2.04 0.65 2.23 0.48
River banks 3.17 0.78 2.49 0.45 2.75 0.00 3.28 1.1
Lateral bar 2.32 1.50 2.36 0.70 3.28 0.55 2.68 1.4
Backwater 3.06 0.29 2.73 0.20 3.35 0.49 2.85 0.70
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