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Abstract

Remote Sensing (RS) and Geographic Information System (GIS) approaches, combined
with ground truthingare providing new tools for advanced ecosystem managenyent, b

providing the ability to monitor change over time at lpcagiona) and global scales.

In this study,remote sensing (Landsat TM and aerial photographs) and GIS, combined
with ground truthing workwereused toassess wetland vegetation change awes ait two
contrasting wetland sites in the UK: freshwater wetland at Wicken Fen between 1984 and
2009, and saltmarsh between 1988 and 2009 in Caerlaverock ReSeyued truthing
studies were carried out in Wicken Fen (UK National Grid Reference TL) 8&irihg 14"

- 18" June 2010: forty 1 fnquadrats were taken in total, placed randomly along six
transects in different vegetation typ@se survey in the second Study Area Caerlaverock
Reserve (UK National Grid Reference NY0464) was conducted'e®BJuly 2011, with

a total of fortyeight 1 nf quadrats placed randomly along seven transects in different
vegetation types within the study area. Tway indicator species (TWINSPAN) wased

for classification the ground truth sampleaking separationon eigenvalues with high
value (>0.500), to define ergtoups of samples. Theamples werelassified into four
samplegroups based on data from 40 quadrats in Wicken Fen, while thevelatiiom 48

quadrats dividedhto five samplegroups in CaerlaverédReserve.

The primary analysis wagonducted by interpreting vegetation cover from aerial
photographs, using GIS combined with ground truth data. Unsupervised and supervisec
classifications with the same technique for aerial photography interpretagi@nused to
interpret the vegetation cover in the Landsat TM imagesWicken Fen, Landsat TM
images were used from T&ugust 1984 and 23August 2009for Caerlaverock Reserve
Landsat TM imagery used was taken frddf” May 1988 and 14 July 2009. Aerial
photograph imageryor Wicken Fen was from 1985 and 2009; and for Caerlaverock
Reserve, from 1988 and 2009.

Both the results from analysis of aerial photographs and Landsat TM imagery showed a
substantial temporal change in vegetation during thiegef study at Wicken Fen, most
likely primarily produced by the management programme, rather than being due to natural

change. In Cearlaverock Reserve, results from aerial photography interpretation indicated ¢



iii
slight change in the cover of shrubs dgrthe period 1988 to 2009, but little other change

over the study period.

The results show that the classification accuracy using aerial photography was higher thatr
that of Landsat TM data. The difference of classification accuracy between aerial

photogaphy and Landsat TM, especially in Caerlaverock Reserve, was due to the low
resolution of Landsat TM images, and the fact that some vegetation classes occupied a
area less than that of the pixel size of the TM image. Based on the mapping exercise, th
aefal photographs produced better vegetation classes (when compared with ground
truthing data) than Landsat TM images, because aerial photos have a higher spatia
resolution than the Landsat TM images.

Perhaps the most important conclusion of this studias it provides evidence that the
RS/GIS approach can provide useful baseline data about wetland vegetation change ove
time, and across quite expansive areas, which can therefore provide valuable informatior

to aid the management and conservation ofaméethabitats.
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Chapter 1- Introduction & Literature Review
1

1.1 Introduction

Wetlands aresited in tle landscape as ecotones that appear along elevation and
hydrological gradients between terrestrial and aquatic ecosystems (Bardley and Hauer
2007). They can bdefined as regions that are transitional between terrestrial and aquatic
systems, where the veattable is near the surface or the land is inundated by shallow
water, whether duringthe whole or part of the year (Frohn et al., 2009). Wetland
vegetation is an important component of wetland ecosystems that plays a vital role in
environmental functiorfKokaly et al. 2003). Wetlands are important habitats because the
heterogeneity in hydrology and soil conditions which they support results in a broad
variety of ecological niches, and they usually support enormous biodiversity (McCartney
and Hera, 2004).

Wetland and riparian zones supply a variety of ecological services that contribute to
ecosystem functions (Ehrenfeld 2000, Mitsch and Gosselink 2000). In addition, they
provide numerous valuable functions (e.g. ground water recharge, flood mitigation,
regulation of pollutants ahwater) as well as othattributes (biodiversity support, amenity
and creation, cultural heritage), and there has been increasing awareness of their function:
value in recent years (Owor et al., 200)etland vegetation is significant component of
wetland ecosystemsne thatplays a vital role in environmental function (Kokaly et al.
2003; Lin and Liguan 2006). It is also an excellent indicator for early signs of any physical
or chemical degradation in wetland environmd@tdam et al.2010). Wetlands cover 6%
(seven to eight million k) of the world's land surface (Erwin, 2009), and occur in every
climate from the tropics to the frozen tundra, on every continent except Antarctica
(Mitsch, 1994).
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1.1.1 Types of Wetlands

There are many different types of wetlands. Matthews and Fung (1987) divided wetlands
into 5 classes: forested bogs, Forested bogs (where bogs are formed by infilling of
shallow lakes; usually with no inflow or outflow), forested swamps, andforasted
swamps (swamps found in poorly drained areas near streams or lakes) and alluvia
formations. Bogs and fens are the most common wetlands across large areas of th
northern hemisphere, above’4rth (Aselmann and Crutzen, 1989). It is estimated that
abou hal f of the world"s wetlands are in
(Matthews 1990Q. According to Aselmann and Crutzen (1989), the most widespread
wetland category is bogs, covering 1.9 x° 20n’, followed by fens and swamps,
contributingabout 1.5 x 10km? and 1.1 x 10km?, respectively. Floodplains add another

0.8 x 16 km?, whereas marshes and lakes contribute only 7% to the total. Other major
types of wetlands worldwide fall into the categories of coastal river deltas, inland river
ddtas, great riverine forestsaltmarsks, northern peatlands, inland freshwater marshes
and swamps, and constructed wetlands (Mitsch, 1994).

1.1.1.1 Freshwater Wetlands in the UK

Wetlands are an important part of the British and Irish landscape, coveriogt dlé%o of

the terrestrial land area (Dawson et al., 20@8d both broad and priority habitdthe

main types of wetlands are rivers, lakes, ponds, and ditches; swamps which are
permanently saturated with water; and marshes which may be partially flémdkexhg
periods (Polunin and Walters 1985). The UK has many types of freshwater wetlands, sucf
as floodplain, swamp, fen, wet grasslands, ditches and marshes (Mitsch, 1994). Fens ar
dominated by graminoid (gratike) vegetation: grasses, sedges, amshes. Like fens,
marshes are also dominated by herbaceous emergent vegetation (Mitsch and Gosselinl
2000). Common marsh species include the sedigexandCyperusspp., rushesjuncus

spp., and species such as catfyphaspp. (Craft, 2005). Greddritain and Ireland have
almost 2,500,000 ha of bogs and fens (Taylor, 1983). The total national area of the UK is
24,159,000 ha (excluding marine areas), and the estimate of wetland coverage within the
UK is 2,976,585 ha (based on Davidson and Buck 198¢;Ramsar National Report
1999).
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Lowland wetlands are classified into lowland raised bog and blanket bog, and lowland fen.
The second type includes: flogdain fen, basin fen, openater transition fen, valley fen,
springs and flushes, fen woodland, aed meadow (JNCC, 2004). According to Barr et al.
(1993), the best estimate for inland wetlands in the UK is 370,000 ha of fen, marsh and
flush wetland; 1,660,000 ha of wet heath and saturated bogs; 210,000 ha of inland wate
bodies (i.e. lake, pond, memeservoir); 80,000 ha of inland watercourses (i.e. river, canal,
drainage channels), and 60,000 ha of wet woodldugiand holds approximately 40% of
the UK"s fen and | owl and r ai(Gaeyetd.02608A and
brief summaryof vegetation types present in the UK are shown in Table 1.1.
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Table 1-1: Shows vegetation types in the UK depending on (JCCN, 2007).

Vegetation types

Vegetation characteristic

Lowland Grassland Habitat

Lowland meadows

Plant species occu@@ynosuruscristatus
Leucanthemum vulgar€entaureanigra, Festuca rubra,
Filipendula ulmaria,Silaumsilaus

Lowland Wetland Habitat
Lowland Raised Bog

Usually various colourfubphagnunmosses predominat
(e.g.Sphagnum auriculatum, S. cuspidatum, S.
magellanicum, S. papillosum, S. recurvum

Their vegetation is characteristically spegie®r, with a
moderate to high cover &phagnunibog mosses (mainl

ILDZVSIL?QSSFG” Sphagnum cuspidam, S. palustr_e, S. recurvum, S.
squarrosumand sedges (especially Bottle se@gaex
rostrata),

It includes mire vegetation dominated by a range of
Carexsedgesmixed in with various vascular plants
Rich-fens Lychnis floscuculi, Pinguicula vulgarisRanunculus

flammula, Pedicularispalustris, Caltha palustris
Cirsium palustre

Grassland and marsh

This category includes both areas of herbaceous
vegetation dominated by grasses and certain wet
communities dominated hjuncusspeciesCarex
speciesFilipendula ulmaria

Marsh/marshy grassland

Covering certaiMolinia grasslands, grasslands with a
high proportion oflJuncusspeciesCarexspecies or
Filipendula ulmaria,and wet meadows and pastures
supporting communities of species suclCattha
paludris or Valerianaspecies.

Tall herb and fern

Dominated byPteridium aquilinum,this ledge
vegetation contains species sucthagelica sylvestris,
Filipendula ulmaria, Solidago virgaurea, Athyriurn flix
femina, Trollius europaewEndCrepis paludosa.

Swamp

vegetation includes both mixed and singlespecies
stands ofTyphaspeciesPhragmites australis; Phalaris
arundinacea, Glyceria maxima, Carex paniculata, C
acutiformis, C. rostratar other tall sedge.

Coastal Habitat Types
Saltmarsh

Salicorniaspecies andSpartina maritima

Bog woodland

Generally dominated bgetula pubescens, Frangula alnus,
Pinussylvestris, Pinus rotunda@ndPicea abies

Scrub

Ulex europaeus, Cytisus scopararsdJuniperus
communisscrub; stands dRubus fructicosuandRasa
caninamontane scrub witBalix lapponum, S.
lanata, S. myrsinites, S. arbuscwlaS. phylicifolia;
stands of matur€rataegus monogyna, Prunus spinosg
or Salix cinerea
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1.1.1.2 Saltmarsh Wetlands in the UK

The plants that grow igaline habitats such a&altmarsh habitats are called halophytes.
Halophytes are defined by Flowers and Colmer (2008) as species which have adaptation
permitting survival and growth under saline conditionsltrBarshes are defined as
intertidal areas of fine sediment transported water and stabilised by vegetation
(Boorman, 1995). The development of saltmarshes is the result of the interplay of tides,
waves, relative selevel rise, sediment supply and vegetation (Harvey and Allan, 1998).
Marshes are usually inundated with sagavater, and water levels generally vary from a
few centimetres to a metre or more (Mitsch, 1994), depending on tidal and topographical
location. British saltmarshes are found around much of the coasther with a few
inland marshes; th&aline habitts are not solely coastal in the UK, although the number of
inland saltmarshes resulting from saline groundwater andsattng rocks is admittedly
hugely reducedwvhereverthe local physiography allows their development (Adam, 1981).
Saltmarshes usugllarise on intertidal land (often in estuaries, but also in sea lochs in
Scotland: e.g. Taubert and Murphy, 2012) within the amplitude of the usual spring tides,
where halophytic plants have adapted to high salinities and are able to endure periodic
immerson in seawater. They occur in a broad variety of locations, where certain
conditions are present which allow a net accumulation of soft sediment, allowing the
growth of halophytic plants in this zone (Bu®39).

British saltmarsh communities are thocomposed solely of halophytes, but frequently
contain lessspecialist species too, especially towards the upper part of the marsh (Adam,
1981). Saltmarsks in Britain are classified into three seres, the south coast sere, the east
coast sere and the wesoast serethereis a fourth type in Ireland (Chapman, 1941).
Within these broad geographical seres, three types of saltmarsh are usually recognised. Tt
first type is normally ungrazed and largely restricted to southeast England; a second type i
grazel and largely restricted to the Irish Sea coast of England\aldds, as well as the
Scottish shore of the Solway Firth; the third type is typical of sealeeld marshes on the
west coast of Scotland (Adam, 1978). Saltmarsh zones in the UK are gelaédatiyt as
follows: lowest on the shoreline is the pioneer zone: open communities covered by all
tides except themallest range of the tidand dominated by one or more of the following
Spartinaspp., Salicorniaspp., andAstertripolium. Next up he shore is the low marsh

zone, inundated by most tides, and characterised by a closed sward community, ofter
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dominated byPuccinellia maritimaandAtriplex portulacoidesas well as pioneer species.
Often the two lowest zones are combined and referred tbe low marsh. Above this is
middle marsh, covered only by spring tides, and again in general characterised by closec
communities withLimonium spp. and/or Plantago maritima,as well as species found
lower on the shore. Finally the uppermost part ointlaesh, inundated only infrequently by

the highest spring tides, is the high marsh zone: in general, this is formed of closed
communities characterised by one or more of the followiriggstuca rubra Armeria
maritima, Elymus pycnanthuysas well as plantéound lower on the marsh (Boorman,
2003).

Chapman(1941) has classified the maritimgaltmarsks of the world into nine main
groups, with various sugroups. The Solway area (within which lie the Caerlaverock
saltmarshes that form Study Area 2 for iresent work), falls into Group 1, in sgboup

(a) North European Mar shes: descri bed ascs

grasses. Ge n e r Ruccingllia with scansFestusaand Agiogiis aaveell

as dicots such aArmeria and Plantago, dominate thisaltmarshcommunity (Marshall,
1962). National Vegetation Classification (NVC) described the communities of saltmarsh
vegetation (Rodwell et al., 2000), subdividing theminto thirteen communities in the
lower saltmarsh, nine commum@s in the middle saltmarsh, and three communities in the
upper saltmarsh (Boorman, 2003). Some 82.8% of the total saltmarsh area in Great Britair
has officially protected conservation statudetheras Sitesof Special Scientifidnterest

(SSSI), local Naure Reserves, or National Nature Reserves (NNR) (Burd, 1989).

Burd (1995) has described the saltmarsh sites in the United Kingdom in substantial detail.
The total area of saltmarsh in the UK is 45,337 hectares, of which 71% (equivalent to
32,500 ha) isn England. A further 14.88% (equivalent to 6,748 ha) is in Scotland, 13.43%
(equivalent to 6,089ha) in Wales, and 0.53% (equivalent to 239ha) in N. Ireland (Boorman,
2003). There are four dominant saltmarsh plant communities in Scotland which occur in
varying proportions. Following the standard NVC classification (Rodwell et al., 2003), the
first of these comprises one or bo8M8 SalicornidSM9 Suaedacommunities(less
abundant in the North). The second, SMAxcinellia naritima, community is often the
dominant vegetation on grazed saltmarshes. The third community is $Ma&8inellia

Festuca and the fourth SM18uncus gerardicommunity. Large stands of the common
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reed Phragmitesaustralis also feature strongly in certaisaltmarshes inSouth East
Scotand, notably in the Tay Estuary saltmarshes (Burd, 1989).

As an example: in a recent studyaubert and Murphy (2012) found that the vegetation
present within a sample of Scottish saltmarshes (including both estuarine and sea loch
sites) showed the ke distinct vegetation zones characteristic of UK saltmarshes: (1) low
marsh zone (pioneer zone) defined by soft sediments, seaweeds and a few specialis
halophytes such aSalicornia europaeand Puccinellia maritima (2) mid marsh zone
(accretion zoneyupporting common saltmarsh species with varying tolerance of salinity,
such adrestuca rubra, Juncus gerardind Agrostis stolonifergand (3) upper marsh zone
(mature zone) which contains species less tolerant to salt and regular submergence, suc

asElymus pycnanthus.

1.2 Wetland Ecological Characteristics

Wetland ecosystems typically show three characteristic ecological conditions, all of which
are potential stressors for plant survival and growth: periodic to continuous inundation or
soil-saturationwith fresh or saline water; soils that are periodically anoxic (hydric soils);
and hydrosoils with rhizospheres experiencing periods of low or no oxygen availability
(Craft 2005). The rooted emergent vegetation found in wetland habitats (hydrophytic
vegetaion) must therefore show adaptations enabling them to tolerate the stresses
produced by such conditions. In addition, saltmarsh wetland plants must tolerate the
osmotic stresses (which produce “physi ol
salinty conditions, and which are combated by a variety of physiological adaptations
involving exclusion, excretion, succulence and passareoval mechanismgCrawford
1989).

The level of inundation, hydrosoil redox and pH are all environmental pressunestily
affecting the edaphic (hydrosoil) habitat, which strongly influence plant survival in
wetlands (Kennedy et al., 2006). Flooding is a compound stress, composed of interacting
changes inside plant cells induced by the floodwater surrounding the(Pknata et al.,
2011). Plant tolerance to flooding and tissue anoxia varies widely. In response to the
severity of flooding stress, terrestrial wetland species have developed a variety of strategie

to resist flooding (Vartapetian and Jackson, 1997)m&jor constraint resulting from
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excess water, at least for poorly adapted species, is an inadequate supply of oxygen t
submerged tissues; diffusion of oxygen through water is 10,000 times slower than in air
(Armstrong and Drew, 2002; Parent et al, 2008) most important adaptations of plants

to tolerate waterlogging in wetlands are the development of adventitious roots, which
functionally replace basal roots (Parent et al., 2008). Some plants have specific
adaptations, such as a capacity for anaenwigitabolism, oxygen transfer by aerenchyma,

or avoidance of waterlogging using seeds or tubers (Toogood et al., 2008). In addition, one
of the most important morphological adaptions to waterlogging is the development of
lacunae gas spaces (aerenchyma) enrtiot cortex, which allows diffusion of air from
leaves above the water surface down to submerged tissues (Parent et al., 2008; Jackson a
Colmer, 2005).

Light is the primary source of energy for plants, and its availability may vary both within
and ketween wetland habitats (Stuefer and Huber, 1998). Light availability explained a
large part of the variation in the floristic composition of coastal wetlands (Kotowski et al.,
2001). Changes in the spectral light quality had major effects on the sizeduflan
structures (leaves, ramets), whereas changes in light quantity mainly affected their
numbers (Stuefer and Huber, 1998). In herbaceous vegetation, light conditions for short
species typically deteriorate over the course of the growing seasor dasrtialant species

build up their canopy (Edelkraut, Gusewell, 2006). Light limitation is often considered to
be the mechanism excluding skgrowing, small plant species from productive or
unmanaged grassland vegetation. The persistence of specieslavénecanopy layers
depends on their ability to tolerate ldight conditions, or to grow during periods with
greater light availability (Stuefer and Huber 1998). Kotowski et al., (2001) analysed the
relevance of light intensity in controlling the performea of a group of phanerogam
species characteristic of sedg@ss fens. Where a tree canopy is present (as for example
in fen woodland habitats, which characterise part of the area studied at Wicken Fen, Stud)
Area 1 in the present work) shade impacts oougdcover species may be substantial
stresses for these wetland plants: most herbaceous fen species (with the exception of tt
tall reeds and similar species) can be classified as weak competitors for light. Some
examples for shadmlerance with Ellenkrg's indicator values ar®lercurialis perennis

(3), medium shadedoleranceOxalis acetosellg4), and open aredypha latifolia(8) (Hill

et al., 1999).
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The effect of grazing on wetland vegetation has been shown to be substantial in a
Phragmites austrigs-dominated swamp/ wet grassland system (Vulink et al., 2000).
Phragmites has aerenchymatous roots well adapted to tolerate anaerobic conditions in the
hydrosoil. Grazing or cutting dPhragmitesstems at or below watéevel cuts off the
oxygen sourcdor the roots, thus reducintheir tolerance tahe anaerobic conditions
prevalent in the soft mud (Boorman and Fuller 1981). Grazing reduced the biomass of
Phragmitesaustralisand increasethe stemdensities ofGlyceria maxima resulting in a

shift of dominance fromPhragmitesto Glyceria in Broadland, England (Ausden et al.,
2005). In general terms, grazing increases the intensity of disturbance affecting wetland
plants, which by definition are stregderators (Grime 2001) and therefore have a limited
genetic ability to build additional disturbantmerance traits (as evinced by the impacts of
grazing onPhragmitesoutlined above). Grazing by herbivores such as cattle, sheep and
horses is common on certain types of wetland (e.g. some saltmarshshadg& 1.1.2
above) and often used as a management measure, but grazing intensities are usual
maintained only at a low leveGrazing has been shown to exert a considerable influence
on the species composition of wetland vegetation, for example sditroansmunities
(Adam et al., 1988; Adam, 200Z3razing (especially by larger animals, where its effect is
exacerbated by trampling damage) tends to reduce the abundance of, or even eliminat
species with low disturbandelerance characteristics, and ename their replacement by
plants with protected meristems (such as many grasses) or gregistgnt adaptations
(Andersen et al., 1990). For exambeep grazing has been shown to have an impact on
the composition and structure sdiltmarshvegetationin northern Germanywhen grazing

was stopped, a grassominated communityRuccinelliamaritima) was rapidly replaced

by a mixed forb community, withrestucarubra, Halimione portulacoidesand Aster
tripolium (Kiehl et al., 1996).

The most important fdors affecting species distribution in saltmarshes are salinity and
aeration of the substrate, both of which critically influence the physiological ecology of
marsh halophytes (Cooper, 1982). The availability of oxygen significantly affects plant
growth, especially in the flood period saltmarsh, which affects germination, seedling
growth in early stages, and root respirat(&ilvestri et al., 2005). Saltmarsh plants have
adopted different strategies in order to stay alive during periodic soil saturatipn

aerenchyma allows transport of oxygen from abaager tissues to the roots (Visser et al.,
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2000) - and increased aboveground tissue pore volumes to store oxygen for respiration
(Armstrong, 1982).

Saltmarsh sediments are protected from erosion leyr thegetation cover; loss or
weakening of the vegetation can initiate local erosion, which over time can expand to
affect much larger areg&dam, 2002) Erosion may be caused by wave action; damage
may be initiated by a particular storm. In additionumban areas, the discharge of storm
water into saltmarshes has resulted in the replacement of halophytic communities by
assemblages more characteristic of brackish or freshwater marshes (Zedler et al. 1990

Table 1.2below isshown a brief summary of watid ecology characteristics.

Table 1-2: A brief summary of wetland ecology characteristics

Characteristic Description

Flooding, oxidation, aerobic decomposition, leaching and
dehydration. The level of inundation, hydrosoil redox and pH g
all environmental pressures, primarily affecting the edaphic
habitat, which influence plant survival in the wetland.

Wetland soils

Water budgets are influenced by inflows and outflows of water

Wetland landscape, subsurface soil, and ground water; thesacioest
hydrology affecting the growth, development and survival of numerous p
species.

Plants adaptations by morphological & anatomical changes:
Physical changes in plant structure to transport oxygen to the
Such as, aerenchyma, advéatis roots, shallow root systems,
root aeration, radial oxygen loss from roots storage of carbohy
Wetland plants reserves, h_ypertrqphled Ie_ntlcels IS a common change in many
wood species during flooding.
Metabolic adaptations: plants respond by shifting fromtaero
metabolism to anaerobic metabolism, e.g. ethanol fermentatio
Enables wetland plants to maintain a high energy level.
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1.3 Remote Sensing Approaches Used in Wetland
Survey

The remote sensing options avai |l anenrtleavet o
expanded considerably since the nmil®70s whenaerial photographywas almost
exclusivelyused.Remote sensing satellite data have been applied to identify and study
various wetland features such as tidal flats, lagoons, marshy vegesatiionashes and
saltpans. This data has alselped understanithe spatial pattern, significance and extent,

of wetlands tahe local community (Bhuvaneswari et al. 2011), as well as identifying and
monitoring them (Rani et al. 2011). Monitoring of wetlands staguncreasingly seen as

an important issue worldwide, because of their increasingly recognised role in ecosysterr
service provision, importance in maintaining human health and wellbeing, natural

ecosystem biointegrity, and in carbon sequestration.

Typicd of the current status of this wetland focus is the work of Dabrowigdanska et

al., (2009) who have applied mu#ipectral remote sensing techniques to obtain data on
changes in soil moisture and evapotranspiration for the management of wetlanids¢th Po

In wetland marshes of the Parana River Delta in Argentina, similar procedures used radal
remote sensing for water level evaluation, and to study and understand the basic
interactions between the soil under different flood situations and the vegetatio
composition (Grings et al., 2009). Many types of remote sensing have been used to stud
wetlands worldwide: Prigent (2001) used satellite observation to find submerged wetlands;
and Hatrris et al. (2005) have applied lasgale remote sensing methodsrtonitor near
surface peatland hydrological conditions, as well as to detectsngace moisture stress

in Sphagnunmoss dominated habitats. In Finland, GIS and remote sensing tools have been
used, combined with ground evaluations, to measure the effecehabilitation on the
aquatic vegetation of a shallow eutrophic lake (\‘altdkkonen etal., 2004), whereas
Mattikalli (1995) applied remote sensing and GIS to detect the landuse change of the
River Glen catchments in England by acquiring data froB1L18 1989. Thestchniques
havealso been used for detectiohthe landuse and landcover change in the Kainji lake
Basin, Nigeria (Ikusemoran, 2009). Landsat (TM) images have been used to create &
classification of the vegetation community types andhtplommunity structure in the
lower Roanoke River floodplain of north eastern North Carolina, USA (Townsend and
Walsh, 2001), antbr classifying coastal wetland vegetation classes in Yancheng National
Nature Reserve (YNNR), China (Zhang et al., 20Kd)jlar techniques, but with high
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resolution QuickBird imagery, were used to produce a wetland typology map in the west
Siberian wetlands (Peregon et al., 2009).

Meteorological satellies (GOES) and early LANDSAT imaging systems represent low
spatial resoltion (4000m80m), but over the decades satelbwne platforms have
captured imagery with spatial resolutions ranging from several hunuiees to less than
one mette, using passive (optical) sensors. A similar spatial resolution range is available

from satelliteborne active (radar) sensors, but these products are less popular.

Turning to spectral resolution, typically spamerne passive sensors have had a spectral
resolution of about 0.1microns, particularly in the visible and -mesitole part ofthe
electremagnetic spectrum. However, the spaoene Hyperion sensor has offered a
spectral resolution of about 0.01 micrprathough this imagery is not universally
available; such imagery is referred to as hyperspectral.

The distinctions identifiedkmve are also to be found in imagery captured frorb@ine
platforms, but the emphasis is on panchromatic or infrared photography and hyperspectra

imagery, for the passive sensors, and radar and LiDAR for the active sensors.

The interpretation of alihese different image products is enhanat@n integratedvith
other geospatial information, this integration being particularly enabled through GIS
technology. Many wetland management projects integrate processed remote sensin

imagery with geospatialada in the GIS environment.

In the following sections, projects directed towards wetland management are considerec

under the headings:

Low/Medium Spatial Resolution Optical Systems;
High Spatial Resolution Optical Systems;
Hyperspectral Systems;

Active Systems (RADAR, SAR and LIDAR);

Air Photography; and,

o gk wbd e

GIS procedures using imagery
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1.3.1 Low/Medium Spatial Resolution Optical Systems

Low spatial resolution is defined, for
ground resolutions50 metes; and medium resolution as > 5 meters and < 50 meters.
(High spatial resolution imagery is dealt with in the next section, having resolutions of 5m
or less). Low and medium spatial resolution remote sensing Earth Observation (EO) date
have been used astaol to aid the management and conservation of wetland habitats
(Jones, 2009), primarily by mapping and managing wetlands, as well as for inventory

assessment and monitoring (Mackay et al., 2009).

Medium resolution (30 meters) Landsat (ETM+) imagerynibmed with ancillary
topographic and soil data have been used to map wetland and riparian systems in th
Gallatin valley of South West Montana (Baker et al., 2006). To discover seasonal change,
and for mapping the inundation of wetlands, Landsat (TM andl satellite imagery

has been used in Uganda (Owor et al., 2007), while the same imagery combined with GIS
was applied for the analysis of ecosystem decline along the River Niger Basin (Twumasi
and Merem, 2007). This study also used this approach torieédine ecosystem
management, and to compute the nature of change in the riverine environment. Landsat !
Thematic Mapper (TM) data has been integrated with airborne hypersepctral date from the
Daedalus 1268 Airborne Thematic Mapper (ATM) data, and usethfpthe extent of the
intertidal zone in the Wash Estuary, in eastern England (Reid Thomas et al. 1995).

Low resolution satellite data have been used to map extensive wetland ecosystems: fo
example to obtain information on the status of aquatic vegetatid the turbidity of lake
water in Punjab, India (Chopra et al., 2001). In addition, Castafieda and Ducrot (2009) usec

low resolution Landsat and SAR imagery for mapping land cover of wetland areas

In peatlands, one of the most widespread wetland typesleast in the northern
hemisphere), satellite sensor procedures such as Landsat (MSS, TM, ETM+ or SPOT
HRV) have been used in wetland mapping for many years (Yang, 2005). The Moderate
Resolution Imaging Spectroradiometer (MODIS) has been applied taheapstribution

and extent of peatlands in the St. Petersburg region in Russia (Pflugmacher et al., 2007).
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To analyse several ecological factors of wetlands, such as light availability, the very low
(4km) resolution GOES (Geostationary Operational iEemmnental Satellite) weather
satellite imagery and ancillary surface and atmospheric data have been used to estimat

solar radiation andmergent wetland evapotranspiratiori-lorida, USA Jacobs, 2004).

Medium resolution Landsat (ETM+) imagery has besed to detect and map isolated
wetlands (Frohn et al., 2009); for the classification of land cover in Trabzon city (Kahya et
al., 2010); and, for mapping coastal saltmarsh habitats in North Norfolk, UK (Sanchez
Hernandez et al., 2007). The same techaigas been applied (combined with field survey
data) to generate information on wetland resources, conservation management issues, ar
mapping of wetlands in the lower Mekong Basin (MacAlister and Mahaxay, 2009). Finally
medium resolution LandsafTM and ETM+) images have been used for analysing and
classifying an area covering the Sudd wetland, in the Nile swamps of southern Sudar

(Soliman and Soussa, 2011).

1.3.2 High Spatial Resolution Optical Systems

Turning to high spatial resolution imagery, thidli® f i ned as i1 mages of
at ground resolutions of less than or equal to 5 meMdttsough the most recent satellite
borne sensors (i.e. IKONOS, Quickbird) produce imagery of high spatial resolution, and
recent sensors in the Landsat sesied SPOT series have high resolutions, such resolution
has traditionally been achieved from airborne platforms. The advances in the technology of
remote sensing, resulting in high resolutioragery (KONOS, with 1m to 4m resolution

and Quickbird, with Bm to 2.8m resolution) have permitted better detection of
environmental indicators, such as natural vegetation cover, wetland biomass ahdnge

waterturbidity, as well as wetland loss and fragmentation.

High resolution satellite imagery may be theyoimhage data used in a proje€ne study

used high spatial resolution Quickbird imagery for the identification and mapping of
submerged plants in Lake Mogan, which is located in central Anatolia, Turkey (Dogan,
2009). High resolution imagery (combined lwthe necessary ground truth measurements)
was used to produce lause/cover classification and a Normalized Differential
Vegetation Index (NDVI) mapping for the Kelantan Delta, East Coast of Peninsular



Chapter 1 Introduction & Literature Review 15

Malaysia (Satyanarayana et al., 2011). QuickBird gemg was used for land cover
classification and mapping plant communities in the Hudson River National Estuarine
Research Reserve (NERR), New York, USA (Laba et al., 2008). Quickbird images with
very high resolution (VHR) 0.61 m have been used for disnation and mapping of
saltmarsh vegetation in the Dongtan wetlands of Chongming Island, China (Ouyang et al.,
2011). Another study used high resolution Quickbird dedanbined with medium
resolution airborne laser altimetry (LIDAR) determine plant prodtion and the effect of

land cover on gross primary production (GPP) and net primary production (NPP) in the

Great Lakes region of North America (Cook et al., 2009).

High spatial resolution IKONOS satellite imagery combined with grehssed optical
datawas used for monitoring shallow inundated aquatic habitats in the Sound of Eriskay
Scotland, UK (Malthus et al., 2003). IKONOS imagery has been used for vegetation
composition mapping and estimation of green biomass in three riparian marshes in Ontaric
(Dillabaugh and King, 2008), and combined with airborne LIiDAR altimetry data for
coastal classification mapping (Lee and Shan, 2003). IKONOSrhggution satellite
imagery has been used for classification of coastal high marsh vegetation (seasonally
inuncdated) into four classes (meadow/shrub, emergent, senescent vegetation, and rock
along the eastern shoreline of Georgian Bay, Ontario, Canada (Rokitoickk et al.

2011). It is worth noting that the same classification was achieved using lower resolutio
Landsat ETM+ imagery for monitoring the changes in coastal wetlands in Chesapeake
Bay, USA (Klemas, 2011).

High resolution Thematic Mapper satellite image (TM) data have been used to understanc
saltmarshecosystem function and species distributionjl@visanopy water content has
been estimated by using Airborne Advanced Visible Infrared Imaging Spectrometer data in
saltmarsbs along the Petaluma River, California (Zhang et al., 1997). The same approach
has also been applied, combining ETM+ images muwwtion with field observations, for

the delineation and functional status monitoring of¢aknewetlands or "saladas", of the
MonegrosDesert, in northeast Spa{Rlerrero and Castafieda, 2009). In order to identify
and map wetland change Zhang e{(2009) applied high resolution Landsat MSS and TM
remote sensing images in China, and this approach has also been used (combined wit

ETM+) for determining changes in land use in Datong basin, China (Sun et al, 2009).
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High resolution Landsat Enhancechéimatic Mapper (ETM+) has been applied to
classification of land cover in the Lena Delta, North Siberia (Ulrich et al., 2009), and
Landsat data (TM and ETM+) imagery and multi resolution JERS/nthetic Aperture
Radar (SAR) data have been used to mapawes$ in the Congo Basin (Bwangoy et al.,
2010). High resolution Landsat Multispectral Scanner (MSS) and Thematic Mapper (TM)
have been used to distinguish betwsalimarshand non- saltmarshvegetation, and nen
vegetated surfaces in the Wash, Englandbfp$ and Shennan, 1986). Satellite imagery
Landsat Thematic Mapper (TM) images have also been applied for mapphmgasstit
vegetation communities and sediment distribution in the Wash estuary, England
(Donoghue and Shennan, 1987). More recently, it leas lised with IRS 1C LISS 3 for
mapping the intetidal habitats of the Wash (Donoghue and Mironnet, 2002).

Landsat Thematic Mapper (TM) combined with SPOT Satellite Imagery were used for
mapping wetland species i n t hiacahoQRoeertsrandd * A
Gessler, 2000).

Imagery from high resolution satellitiorne sensing systems may also be integrated with
similarly high resolution data from airborne platforms. A high resolution multispectral
structural approach, using IKONOS and air® LIDAR data, has successfully mapped
peatland conditions (Anderson et al., 2010), and the same tools have been used to map at
distinguish types of wetland (Maxa and Bolstad, 2009). High resolution remote sensing has
also been used to monitor environt@rindicators, such as changes in land cover/use,

riparian buffers, shoreline and wetlands (Klemas, 2001).

Another integration, that of high resolution multispectral SPOimages with high
spectral resolution multispectral Hyperion imagery and data the multispectral infrared
visible imagine spectrometer (MIVIS) data, has been used to map land cover and
vegetation diversity in a fragmented ecosystem in Pollino National Park, Italy (Pignatti et
al., 2009), and applied to monitor wetland vegetationthe Rhoéne delta near the

Mediterraneanin southern France (Davranche et al., 2010).

High resolution QuickBird satellite images integrated with LIDAR data have been applied
for classification and mapping wetland vegetation of the Ragged Rock Cresglik, meaar
tidal Connecticut River (Gilmore et al., 2008), and have also been applied to determine

land cover types and riparian biophysical parameters in the Fitzroy catchment in
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Queensland, Australia (Arroyo et al., 2010). High resolution airborne DOgtection and
Ranging (LIDAR) data have been applied for detection and mapping inundation of land
under the forest canopy in Choptank River USA (Lang et al., 2009), and combined with
QuickBird for mapping upland swamp boundaries, and classification oftatege
communities in swamps on the Woronora Plateau, Australia (Jenkins and Frazier, 2010).
The same technique has been applied to understand and map mangrove constructic
wetlands in southeast Queensland, Australia (Knight et al., 2009), and alsodegen u
(combined with multispectral imagery) to classify vegetation of rangeland in the Aspen
Parkland of western Canada (Bork and Su, 2007).

High resolution Landsat Thematic Mapper (TM) and RADARSAIMmage data have been
integrated to study and map theetland impact and renewal of forest from Hurricane
Katrina, in the Louisiandississippi coastal region of the USA (Ramsey et al., 2009).
Various types of high resolution remote sensing, including LIDAR, Radar altimetric,
Landsat, TM and SPOT have been lagap for analyses of riverine landscapes, such as
water bodies connectivity and habitat communities (Mertes, 2002), with Landsat (TM)
used to calculate the relationship between river flow and wetland inundation of the mid
Murrumbidgee River, Australia (Ezier and Page, 2009). It hasso has been used for
classifying coastal wetland vegetation classes in Yancheng National Nature Reserve
(YNNR), China (zZhang et al., 2011).

From the foregoing, it can be seen that high spatial resolution imagery obfeined

satellite and airborne sensors have become increasingly available in recent years.

1.3.3 Hyperspectral Systems

Airborne platforms are usually used to gathgperspectral data. Hirano et al. (2003) used
the hyperspectral Airborne Visible/Infrared Inag Spectrometer (AVIRIS) with 224
spectral bands and 20m spatial resolution for mapping wetland vegetation in the

Everglades National Park, Florida, USA.
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The high spectral resolution Airborne Thematic Mapper (ATM) has been applied to obtain
hydrologicalinformation within peatland. For example, it has based tomap the effects

of water stress osphagnunspp. along the Welsh coast, usiSghagnummosses as an
indicator for peatland neaurface hydrology, since natural wetlands play an important
role in ground water recharge and in controlling flooding (Harris et al., 2006, 2009). This
approach has also been applied for mapping the distribution of aquatic macrophyte specie
in Cefni Reservoir on the Isle of Anglesey (Malthus and George, 1997). The same
techniques combined with groundbased measurement have been used for monitoring

ditch water levels of the EImley Marshes in southeast Englan#ljathairy et al., 2001).

Zomer et al. (2009) used PROHE airborne hyperspectral data for mappiagd
monitoring plant species, and the distribution of vegetation community types. A
hyperspectral imaging sensor has been used to examine the evolution of wetland
distribution and land coverage in monitoring of coastal wetlands (Burducci, 20089y and
identification, classificationand mapping of submerged aquatic vegetation (SAV) in the tidal
Potomac River, USA (Williams et al., 2003).

The hyperspectral Compact Airborne Spectrographic Imager (CASI) and a Daedalus
Airborne Thematic Mapper (ATM) have beersed to provide highesolution remote
sensing data, combined with Landsat TM images, for monitoring and determination of the
amount of surface water in a wetland catchment in the north Kent marshes in England
(Shepherd et al., 2000). CASI has also beseduo identify and map seasonal intertidal
vegetation patterns in back barrier environments on the North Norfolk coast, England, UK
(Smith et al., 1998), and for mapping of intertidal sediment types and saltmarshes from the
Humber Estuary to North Norfalkn eastern England, (Thomson et al., 2003). The same
technigue has been used in conjunction with Airborne Laser Terrain Mapper (ALTM) data
for mapping the extent of coastal vegetation classes and classification of coastal habitats i
the Essex Tollesbyrsaltmarshes (eastern England) and Ainsdale sand dunes in north west
England (Brown, 2004).

Hyperspectral remote sensing data may be integrated with multispectral infrared and

visible imaging spectrometer (MIVIS) data to assess the relationship betegetation
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patterns andaltmarshmorphology, and also to infealtmarsimorphologic characteristics

from vegetation mapping, in the San Lorenzaltmarshin the Venice lagoon, Italy
(Silvestri et al., 2003). In the same location, high resolution malttsa@l and hyperspectral
remote sensing data, accompanied by field observations, were used for mapping lagool
saltmarsh vegetation (Belluco et al., 20069y discrimination and mapping wetland
vegetation, as well as for estimating some biophysical amchémical properties of
wetland vegetation (Adam et al., 2010)he hyperspectral sensor Compact Airborne
Spectral Imager (CASI) imagery has also been applied for mapping mixed vegetation

communities within thesgaltmarsks (Wang et al., 2007).

Also, as mentioned in section 1.3.landsat 5 Thematic Mapper (TM) data has been
integrated with airborne hypersepctral date from the Daedalus 1268 Airborne Thematic
Mapper (ATM) data and used to map the extent of the intertidal zone in the Wash Estuary,
in easern England (Reid Thomas et al. 1995).

1.3.4 Active Systems (RADAR and LiDAR)

An example of the use of radar imagery involves low resollRABDARSAT imagery, for

the identification, description and mapping of wetland habitat types in Greece
(Alexandridis et al., 2009). For classification of wetlands, Polarimetric RADARSAT
satellite imagery (with a spatial resolution of 8m) has been used in the Mer Bleue wetland,
east of Ottawa, to characterise wetland vegetation species. Using this approach, it prove
paossible to differentiate types of wetland plant communities, such as shrub bog, sedge fen
coniferdominated treed bog, and highland deciduous fotester leafy status (Touzi et

al., 2007).

Satellite radar imagery from ENVISAT ASAR (the Advanced SyinthAperture Radar
instrument with 25m spatial resolution)) was used for monitoring inland boreal and sub
arctic environments, to identify inundation patterns and soil moisture change over different
hydro-periods, and applied to categorise wetlands (Bartst al., 2007). The same
approach was used for management and monitoring of wetlands, especially permafros

transition zones, where peatlands form one of the major land cover types (Bartsch et al.
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2009). ENVISAT ASAR Global Mode images have been useddoitor the dynamics of
river flow and wetland areas as a response to precipitation and soil moisture variation

respectively, in the upper Okavango basin and delta, Botswana (Bartsch et al., 2008).

High resolution kband Synthetic Aperture Rader (SAR)taldnave been used to detect

surface level changes in the Everglades wetlands in south Florida (Wdowinski et al., 2008).

Airborne Light Detection and Ranging (LIDAR) data have been used for classification of
vegetation and determination of vegetation heigi Lake Hatchineha in Florida, USA
(Genc et al., 2004).

High resolution LIDAR data have been applied to detect intertidal vegetation, to assess
saltmarshzonation, and to map intertidal habitats and their adjacent coastal areas in the
Gulf of St. Lawrege, Canada (Collin et al., 2010), as well as  for mapping coastal
flooding hazard and evaluation of coastal flooding induced by surges in Cadiz Bay (SW
Spain) (Raji et al., 2011). Multispectral imagery with LIDAR and GIS have been applied to
carry out a gomorphological analysis of the distributionsaiitmarsHeatures at the Great
Marsh, Massachusetts, USA (Millette et al., 2010), and to model inundation and radiation
characteristics within an intertidal zone located in the Minas Basin (Bay of Fundg, Nov
Scotia, Canada: location of one of the biggest tidal amplitudes on Earth) (Crowell et al.,
2011).

LIDAR data may be used with other DTMs. For example, high resolution LIDAR
technigues combined with Global Positioning Systems (GPS) permitted accurate
topographic and bathymetric mapping, including shoreline positions, in the study
undertaken by Klemas (2009). Additionally, hig¢solution LIDAR and Digital Terrain
Models (DTM) have been used to map coastal and estuarine habitats, as well as fo
charactegation and monitoring of coastal environments, in the Bidasoa estuary, northern
Spain (Chust et al., 2008).

LIDAR data captured from airborne platforms may be integrated with hyperspectral data

from the same platforms. High resolution (LIDAR) imagery bamed with high resolution
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hyperspectral imagery (CASI) has been combined with field survey to monitor
hydromorphology ingredients as a component of the ecological status of river, shoreline,
and estuarine habitaits the Forth Estuary, Scotland (Gilvestral., 2004); and also applied

to identify and describe stream and physical riparian habitat, in South Fork Humboldt
River, Nevada, USA (Hall et al., 2009). Hyperspectral datasets and LIiDAR have been usec
for mapping and distinguishing reedbed from sumtbng vegetation types, in Cumbria,

UK (Onojeghuo and Blackburn, 2011).

LIDAR has been applied for mapping elevations of tidal wetland restoration sites, and for
comparing the accuracy of aerial LIDAR data with that from a singlebeam echosounder
system,in the San Francisco Bay estuary, Califor(dhearn et al.2010). Also, high
resolution airborne imaging spectroscopy and LIDAR have been used to map and classify
the saltmarsh, mud flats and riverbank vegetation in the Scheldt basin in northermBelgiu
(Bertels et al., 2011).

High resolution LIDAR and GIS have been applied to inventory important wetland
hydrogeomorphic features (area, volume, catchment area, hydroperiod) and structura
attributes (soil, vegetation, land use) in the coastal pragttamds surrounding Galveston
Bay, Texas, USA (Enwright et al., 2011).

1.3.5 Aerial Photography

Application of aerial photography in the coastal zone has a long history, including the
study of coral reefs in the East Indies in the early part of the twengathry.Throughout

the same period in Germany, aerial photographs were being used for mapping coastline:
(Baily and Nowell, 1996)Between 1973 and 1998, aerial photographs at 1:5000 scale
were used, to monitor, map and quantigitmarshchange along 4km of shoreline
within the couty of Essex, soutleast EnglanqCooper et al., 2001), and have also been
applied combined with Airborne Thematic Mapper (ATM) to determine vegetation change
in saltmarshcommunities of theDee estuary, northwest Englagiduckle et al., 2004).

High resolution aerial photographs have been used for discriminating and mapping all
coastal, lowland and uplarbitats in WalegLucas et al., 2011), and to map and identify
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vegetation communities on Bullo River Station, Northernriiaay, Australia (Lewis and
Phinn, 2011).

High spatial resolution colodnfrared aerial photography has been used to detect the
change in vegetation over time in a variable tidal marsh environment, and restoring of
tidal marsh in Petaluma River Mah ( Car | s Mar sh) i n Cal |
as well as to identify vegetation types present on atreyical coastal saltmarsh in

southeast Queensland, Australia (Dale et al. 1986).

Remote sensing using digital aerial photos has been appliethdsify the Lakkasuo

peatland ecosystem in Southern Finland (Huang and Sheng, 2005).

1.3.6 GIS Procedures Using Imagery

Although GIS techniques have been applied to estimate the contemporary extent of
important wetlands (peatlands) in Ireland from soil & cover maps dating from the
1970s, 1980s, and 1990s (Connolly et al., 2007), Remote Sensing (RS) integrated with the
Geographic Information System (GIS) are now providing new tools for advanced
ecosystem management, at local, regional and globalssoaky time (Zubair, 2006).
Remote sensing technology and GIS are considered useful tools in analysing complex
ecosystem problems.

High resolution remote sensing Landsat (TM) images and GIS have been used to
determine the real extent of the cover arné @ change in wetland in Kuala Terengganu

in Malaysia (Ibrahim and Jusoff, 2009). Mentionedbove insection 1.3.1 is a project
mapping ecosystem decline along the River Niger Basin, which integrated Landsat (TM
and ETM+) satellite imagery with GIS faitiés (Twumasi and Merem, 2007).

In South Carolina, United States, satellite images (medium resolution Landsat) and aerial
photographs combined with GIS have been used to obtain spatial information and asses
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temporal changes affecting the function atrdicture of wetlands over large geographic
areas (Mironga, 2004).

This technique of using medium resolution remote sensing data in combination with GIS is
common. It has been applied to describe the condition of wetlands along the coastline of
Sri Lankain relation to trends in land use arising from changes in agriculture and
sedimentation (Rebelo et al., 2009). Identical techniques have been applied to classify an
map the plant communities of wetlands in the Prairie Pothole Region of Central North
Dakota (Mita et al., 2007). Medium resolution remote sensing and GIS tools have been
used for habitat and species mapping, land change detection and monitoring of
conservatiorareas (De Roeck et al., 2008), for example to acquire data on land cover/use
changesand to determine the main environmental factors affecting these changes in Lake
Cheimaditida, located in Northern Greece (Papastergiadou et al., 2008).

It may seem selévident that higher resolution imagery will provide better results.
However it can ke suggested that this comes at a cost, and is not universally available.
Acknowledging that higher resolution imagery is likely to provide more information, it is
also useful to consider what might be adequate. Internationally there are thousands o
wetlards sites to be protected, and a first step in that protection is change monitoring.
Currently, Libya has almost forty coastal wetlasitts EGA-RAC/SPA, 2012) a large
number ofwhich areunprotected (Flink, 2013). To determine whether they peettction
requireschange monitoring. The Ramsar Convention Seretariat has published guidelines
for monitoring wetlands, and the use of medium resolution imagery is supported (Lowry,
2010). Part of the research reported in this thesis will investigate whethernmediu
resolution satellite imagery is indeed adequate for wetlands monitoring, through two
British examples. Resolution is one constraint on the use of satellite imagery, but
availability is another. Availability reflects price and supply. Many high resolsgmsors

on Earth orbiting platforms could supply
3 weeks, or more frequently, at a price. The low cost (or no cost) suppliers exhibit some
constraints; For example if they are providing free data, they misnsapply imagery of a

|l i mi ted coverage, often only of their ho
or Canada*“ s G e o @lferviselthBre is @ rchaige ér) exception is the
GLOVIS service of the USGS. At no cost to the recipieeteradecades of medium and

low resolution Landsat images are available. Certainly, medium resolution data for

monitoring wetlands anywhere in the world is available from this source.
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As it seems that success dam achievedvith medium resolution imagery (boy, 2010)
in the context of wetlands management, and as GIS is now becoming an increasingly
important management tool, the combination of low cost and universally available medium
resolution imagery with GIS is attractive to those concerned withisgee This is an

important data processimgvironment investigated this study.

1.4 Application of Remote Sensing Techniques on
Wetland studies in the UK

A variety of remote ensing techniques have been used in the WKosewith the longer
history haveinvolved aerial photos, but more recenslyccessfuprojects havenvolved

low, medium, and high resolution satellite imagery. Aerial photographs at 1:500 scale were
used for monitoring, mapping and to quantify saltmarsh change along 440km of shoreline
within the county of Essex between 1973 and 1998, southeast England (Cooper et al.
2001). High resolution aerial photographs have been applied to discriminate and map all
coastal, lowland and upland habitats in Wales (Lucas et al., 2011), and also have beel
combined with Airborne Thematic Mapper (ATM) to determine vegetation change in salt
marsh communities of the Dee estuary, northwest England, (Huckle et al., 2004). Aerial
photography combined with the ground survey have been used to compare the result:
obtaned from Landsat MSS imagery for peat detection and classification, in Cumbria, UK
(Cox, 1992). Aerial photography has been formed to the very reliable, but is with increase

analysis expensive.

Less expensive low / medium resolution rermsgasing datardm (1984 to 1989and GIS

have been used for monitoring of land use chamgiee River Glen catchments in England
(Mattikalli, 1995). Reid Thomas et al. (1995) have used Landsat 5 Thematic Mapper (TM)
data combined with airborne hypersepctral datenftbe Daedalus 1268 Airborne
Thematic Mapper (ATM) data to map the extent of the intertidal zone in the Wash Estuary,
in eastern England. Medium resolution Landsat (ETM+) imagery has been used for
mapping coastal saltmarsh habitats in North Norfolk, UKn¢BazHernandez et al.,
2007), also medium resolution Landsat 5 Thematic Mapper data and GIS have been use
for a comprehensive survey of land cover, classification, and produce land cover map
(LCM2000) for UK habitats (Fuller et al. 2005). The relidgbilof these approaches

depends very much on the quality of ground truth available.
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Better results might be expged with higherresolution but expensive, data sets now
becomingavailable. In the Sound of Eriskay Scotland, high spatial resolution IKONOS
satellite imagery combined with growtxhsed optical data was used for monitoring
shallow inundated aquatic habitats (Malthus and Karpouzli, 2003). High resolution Landsat
(MSS) and (TM)imageshave been applied in the Wash, England to distinguish between
salt marsh and nom salt marsh vegetation, and neegetated surfaces (Hobbs and
Shennan, 1986). Donoghue and Shennan (1987) have used high resolution Landse
Multispectral Scanner (MSS) and Thematic Mapper (TM) to distinguish between salt
marsh and nor salt marsh vegetation, and reegetated surfaces in the Wash, England.
More recently, the same technique has been used with IRS 1C LISS 3 for mapping the
inter-tidal habitats of the Wash (Donoghue and Mironnet, 2002). Nertporal satellite
imagery TM and ETM+) have been used for mapping and monitoring of habitats and

agricultural land cover in Berwyn Mountains, NoM/ales, UK (Lucas et al., 2007).

Considering hyperspectral data, rather than multispectral, therégghution Daedalus
Airborne Thenatic Mapper (ATM) has been used for monitoring the distribution of aquatic
macrophyte species in Cefni Reservoir, Anglesey, UK (Malthus and George, 1997). High
resolution remote sensing data (The hyperspectral Compact Airborne Spectrographic
Imager (CASI)and a Daedalus Airborne Thematic Mapper (ATM)) combined with
Landsat TM images have been used to monitor and determine of the amount of surface

water in a wetland catchment in the north Kent marshes in England (Shepherd et al., 2000)

Thomson et al. @03) have reported on the application of the hyperspectral Compact
Airborne Spectrographic Imager (CASI) for mapping intertidal sediment types and
saltmarshes from the Humber Estuary to North Norfolk in eastern England, and also CASI
has been used to id#fig and map seasonal intertidal vegetation patterns in back barrier
environments on the North Norfolk coast, England, UK (Smith et al., 1998). The same
technique and (LiDAR) combined with field survey for monitoring hydromorphology
ingredients as a compent of the ecological status of river, shoreline, and estuarine
habitats in the Forth Estuary, Scotland (Gilvear et al., 2004). gh#tctral remotely
sensed data (aerial photos and ATM) and LIDAR have been applied for mapping
individual tree location, hght and species broadleaved deciduous forest in the New
Forest, southern England , UK (Koukoulas and Blackburn, 2005).
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1.5 Ecological Factors

Remote sensing and Gt&chniques offeadvantage$or monitoring wetland resources and
provideinformation on wetlads. Thetechniques aid theéetection 6several ecological
factors inwetlands, such as liglatvaiability, evaporation and soil conditiofhereview in
the following sectionsloesnot measure andssess trsefactors themselvebut rather
explainshow RS and GIS techniques cha used to do so

1.5.1 Water Level

Radar remote sensing has been used to determine water level in wetland marshes of tt
Parana River Delta in Argentina. It is based on the analysis of satellite images, taken at
different places,a observe different flood situations and the composition of vegetation
(Grings et al., 2009)Satellite images and GHi®ols have been used, in combination with
chemical and physical water analysis, to examine the impact of land use activities on
vegetatio cover and water quality in the Lake Victoria Basin (Twesigye et al., 28lkb)
satellite images combined with ancillary ground truth data have been used for the
management of water body resources in Lake Victoria (Cavalli, 2009). As already
mentioned satellite imagery, such as Landsat (Tdd}a, have been used for mapping lake
water quality in Lake Erken, Sweden (Ostlund et al., 2001), and have been also appliec
combined with ground truth data, to compute water turbidity and depth (Bustamante,
2009)

Multi-temporal Landsat Thematic Mapper (TM) imagery and greupased measurement
have been applied to monitor the ditch water levels of the Elmley Marshes, in southeast
England (AtKhudhairy et al., 2001); also, satellite images were used to maongavater
spread and aquatic vegetation status (and turbidity) of the Harike wetland ecosystem in the
Punjab, India (Chopra et al., 2001). Along the Welsh coast, Harris et al. (2006) have
applied airborne remote sensing to obtain hydrological informatitmnapeatlands, as

well as to map the effects of water stress Sphagnummoss. In addition, Synthetic
Aperture Radar (SAR) data have been used to detect surface level changes in the
Everglades wetlands, in southern Florida (Wdowinski et al., 2008) t@anaeasure water

level changes in an Amazon lake (Alsdorf et al., 2001), as well as in Amazon floodplain
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habitats (Alsdorf et al., 2001). Satellite imagery (ENVISAT) has been used for monitoring
and analysing water stage measurement in river and wetiartde Amazon basin (Santos
Da Silva et al., 2012).

Interferometric Synthetic Aperture Rad@mSAR) has been used for detecting water level
changes in various wetlands environments around the world, including the Everglades
(south Florida), the Louigna Coast (southern USA), Chesapeake Bay (eastern USA),
Pantanal wetlands of Brazil, Okavango Delta (Botswana), and the Lena Delta (Siberia)
(Wdowinski et al., 2006)as well as for mapping water level changes in coastal wetlands in
north China (Chou etl.a2010).The same technique has been appliechfalti-temporal
monitoring of wetland water levels in the Florida Everglads (Hong et al. 2010), and has
also been used, combined wiRladarsatl imagery, to map water level changes of coastal
wetlands of sotheastern Louisiana (Lu and Kwoun 2008).

Medium Resolution Imaging Spectrometer (MERIS) images have been used to monitor
water quality in some large European lakes, Vanern and Vatter in Sweden, and Peipsi ir
Estonia/ Russia (Alikas and Reinart, 2008)] &iDAR data have been applied to calculate

i sol ated wetl and water storage capacity i
Aerial photography and satellite imagery have been applied for study of frequent changes
in water bodies and vegetatioaver in Cheyenne Bottoms wetland, Kansas, USA (Owens
et al., 2011).

1.5.2 Soil Condition

Advanced technologies of remote sensing provide an opportunity for studying hydrological
changes in wetlands, especially peatlands, becapeagnunmosses which charasise
peatland vegetation, are very sensitive to changes in moisture availability. Harris et al.
(2005) have applied remote sensing methods for monitoring-soeface peatland
hydrological conditions, and detecting nsarface moisture stress Bphagnunmoss.
DabrowskaZielinska et al. (2009) used remote sensing with various bands to obtain
changes of soil moisture and evapotranspiration for management of wetlands in Poland
this technique has also been used for estimation of evaporation and soifenstistage in

the swamps of the upper Nile (Mohamed et al., 2004). Radar remote sensing (high
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temporal resolution of ENVISAT ASAR WS data) has been used to observe the sensitivity
of soil humidity and changes in water surface area of wetland in centesisSiBartsch et

al., 2004). The same technique has been applied for mapping and monitoring soil moisture
in wetland Biebrza National Park, Poland (Dabrowglainska et al., 2010). ENVISAT
ASAR Global Mode has been used to monite dynamic®f river dscharge or inundated
areas as a response to precipitation and soil moisture variation in the upper Okavango basi
(Bartsch et al., 2008), and has also been usemhymbination withmulti-temporal Gband

SAR data GHH and GVV from ERS2, for investigatian of inundationsand soil moisture
determinationin Coastal Plain forested wetlansisthe Mid-Atlantic Region, USA(Lang

et al., 2008).

1.5.3 Light Availability

Recently developed remote sensing techniques have been used for the detection of sever
ecologi@l factors in wetlands, such as lightailability, evaporation, etc. GOES satellite
imagery and ancillary surface and atmospheric data have been used to estimate solz
radiation andemergent wetland evapotranspirationFlorida, USA (acobs, 2004)For

most wetlands, the rate of evapotranspiration (ET) is an important component of the
wetland water cycle and often the main vector of moisture loss, especially in warmer lower
latitudes.High resolution SPOT satellite image and MODIS data (MODeeselution
Imaging Spectroradiometer) have been used to estimate evapotranspiration, humidity, ant
solar radiation in the Yellow River Delta wetlands of Chidia et al., 2009). In addition,
Spectral information from NOAA AVHRR data have been used to estimater wate
evaporation and transpiration in wetlands in Florida, USA (Chen et al., 2Rég&)ote
sensing data (Airborne Hyperspectral Scanner AHS) has been applied to estimate
evapotranspiration in the Doode Bemde Wetland in Belgium (Palmans and Batelaan,
2009), whle Landsat 7/ETM+ remote sensing imagesehaeen used for estimation of
evapotranspiration in Yellow River Delta Wetland, China (Li et al., 2011), and in the Nansi
Lake wetland of China (Sun et al., 2011).
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1.6 Aims of the Study

The aim of thestudyis to investigate the proposé#iat vegetation changes over time (e.g.
scrub invasion; successional changes) have an effegetteind plant community structure

in UK wetland systems, which can be detected and quantified using reseg
imagery. Thisproposedapproach combines remegensing analysis of imagery over time
with ground truth of existing wetland vegetation communities at two contrasting wetland
sites in the UK.

The specific objectives of the study are:

1 To assess the value of using differing forms of remote sensing imagéeng in
mapping and monitoring of spatial and temporatiation in wetland vegetation,
with a particular view to developing proceduvesich can be transferred to Libya.

1 To evaluate procedures by investigattegiporal wetland plant community change
at two contrasting UK locations by combining analysis of remote sensing data and

theuse of GIS techniques.
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Chapter 2- Methodology

2

Seletion of study areas

The study areas (Wicken Fen & Caerlaverock Reserve) were selected primarily because of
their contrasting vegetation types, and also because of:

- The availability of aerial photographs and satellite images in past periods for comparison

with recent images.

- The availability of previous references and studies of the plant communities in these
areas, which helped in the detection of change that has happened in this area, using

remote sensing techniques.

- The resemblance of the sitestew | and si tes found in the

2.1 Aerial Photographs

Aerial photography was the first remote sensing method to be employed for mapping
wetland vegetation; it is most useful for detailed wetland mapping, because of its minimum
mappng unit (MMU) size (e.g. Seher and Tueller 1973; Shima et al. 1976; Howland 1980;
Lehmann and Lachavanne 1997). Additionalbyy-level photography, using helicopters

or unmanned aadi vehicles (UA\S) can provide even smaller MMUSs.

Aerial photographs tahigh resolution(0.25 m) of Study Area 1 (Wicken Fen) were
obtained for this research from the UK Aerial Photos Database for 2009. These were
receivedas JPEGfiles, of 4000 x 4000 igels. For Wicken Fen, 1985, panchromatic
images were receiveas JPEJiles, 8267 x 8267 pixeld heseWicken Fenimages were

of a veryflat area and were directly taken in to ArcGl$or Study Area 2 (Caerlaverock
Reserve), aerial photograpivs the form of orthophotosit high resolution (0.5m) were
obtained from the UKBlue Sky for 2009, as a JPEKA310 x 17310 pixels. Caerlaverock
aerial phaos for 1988, inpanchromatidorm were received in PNG form&845 x 2840
pixels. These were used to create orthophoto in SOCETThe aerial photograph images

were geometrically arrected and geocoded to the UK national griebadinate systems
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using the 2D affine transformation facility available in ArcGlShe control points were
chosen from the original map (1:10,000 Ordnance Survey Map) of the study areas (at leas

four pointsper photo) for all aerial photographs.

2.1.1 Orthophotography

The orthophotography mosaic with stereo allowed easy differentiation of vegetation with
differing heights, canopy shapes, and tree spacing; also, it provided a more accurate bas
for mapping.A Caerlaverock orthophotograph of Z0@as obtained from UK Blue Sky.

As well three 1988 panchromatic photographs acquired as stereo pairs were obtained o
Caerlaverock ReserveThese photographs were taken at a flying height of 12775 ft
(equivalent to 389 m) and with a focal length of 152 mm. The Caerlaverock
orthophotograph 1988 was created by using BAE Systems SOCET SET (v6). There are
some preliminary steps required before using BAE Systems SOCET SET. For example:
converting the image from PNG to Tllermat, then selecting control points from the
topographic map (Ordnance Survey Map 1:10000 scale) of the Study Area; and afterward:
calculating the Photographic Scale (PS) using the following formula:

PS= L
H

where f is the focalngth, and H is the flying height. The steps adopted in this study to
create the orthophoto map from aerial photos using BAE Systems SOCET SET (v6) are

summarised in the flowchart shown in Figure 2.1 below.
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[ Create a new project]

A 4

Importing data (images) in
the new project

A 4

[ Display the images]

A 4

Stages of Orientation
- Interior Orientation
- Creating a ground Point File
- Solving for the exterior orientation elemer

A 4
[ Normalisation (Rectification)]

A 4

Creating the DTM, then
display the DTM data

A 4

[ Orthophoto productior]

A 4
Exporting DTM&
Orthophotao
ArcGIS

Figure 2-1: Flowchart to create an orthophotograph from aerial photography in BAE
Systems SOCET SET (v6) (Refer to Appendix 1 for further details of this process).
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2.2 LIDAR Data

LIDAR data were used because they greatbpport the creation of a database of
geographic information, adding height information to enhance surface measu@men
intervals of between 1m and 2m on the ground. Ghetedvertical accuracy of each
height point is +/15 cm and altlough this may behallenged in areas of variable terrain
where accuracies have been found to range from —6 100cm (see:

http://www.ctre.iastate.edu/mtc/papers/2002/Venezianpipdie flatterrainof the fens is

supportedLIDAR data areeasilycompatible with other geographic databaseailable in
Britain, particularly when based on tHgritish National Grid.LiDAR is an option in
remote sensing technology that optimises the precision of bimathyseasurements and
extends spatial analysis into the third dimeng@apeocu, 2007)it allows us to directly
measure the distribution of plant canopies in three dimensions, in addition-tarsyty
topography, thus providing highly accurate approxioms of vegetation height, cover,

and canopy structure, and high resolution topographic maps (Lefsky et al., 2002).

LIDAR data (2 m resolution) for Wicken Fen in 2004 were acquired from the UK
Environment Agency. The data were received as Digital Surfdéodels (DSM) and
Digital Terrain Models (DTM), with all of the data referenced using the British National
Grid.

2.3 ArcGIS Desktop

An important step in geographic analysis is choosing the way to represent data on the mar.
A Geographical Information Syste(®1S) is a computerised database designed for the
management and use of spatial d&ES is an essential tool for mapping existing wetlands
and for identifying areas for wetland restoration or creation. GIS, such as ArcGIS,
comprises spatial databaseattBtore data as coordinates or vectors, or ascgtig in a

raster matrix (Harris, 2007). The use of GIS allows the analysis of multiple datasets, and a
visual representation of mapped areas that may be suitable for wetland monitoring.
ArcMap-GIS (v. 93) was used to produce the Wicken Femeliminary details map
(shapefile) of the first Study Area, and the Caerlaverock Resprekminary details map
(shapefile) of the second Study Area (Fig.2.2 & 2I3)e ArcMapGIS was also used to
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map quadrat pasbns on the map that was prepared, using coordinates taken in the field by
GPS in Wicken Fen during fieldwork in June 2010, andasrlaverock during July 2011.
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Figure 2-2: Preliminary details Wicken Fen map.
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Figure 2-3: Preliminary details Caerlaverock Reserve map.
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ArcMap-GIS (v.9.3) was used to calculate vegetation heighubyracting the DTM from

the DSM. Then, a mosaic was created in ArcMap by using the calculations that had beer
performed to obtain vegetation heights to develop a single geographical representation o
the Study Area. ArcMa®&IS was used to choose the cohtpoints for all aerial
photographs, and for transformation to TIFF format by Georeferencing in the Geographic
Information System (GIS), ArcMap. Each pixel has 8 bits with three colours (RGB) and
0.25 centimetre cell size. Pixel sets can easily berdded to form the entire area. The
steps adopted in this study to create the mosaic map from aerial photos and LiDAR data ir

ArcMap GIS (v9.3) are summarised in the flow chart shown in Figure 2.4 below.

[ Aerial photography ] [ LiDAR data ]
A 4
Settingthe coordinate systen \ 4
[ choose control points ] “Raster Ca
(DSM minus DTM) for
il vegetation height

[Georeferencing the scann]

map
\ 4
v [Repeat calculations to cre]
ImageRectificationand sav the mosaic
as TIFF file
A 4 v
Determine appropriatealue Mosaic map
of (max—min) X, Y Vegetation height in grey sca

coordinates, use clip to
remove dark edge

v
v . Choose appropriate pseu
[ Create finamosaic map ] colour for vegetation heigt

Figure 2-4: Flowcharts showing creation of mosaic map from aerial photos and LiDAR data
in ArcMap GIS.
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2.4 Landsat TM Images

Landsat TM and SPOT images are commonly used for mapping vegetation types in
wetlands (e.g. Adam et .al2010). Landsat 4 (TM) satellite images with -B@eter
resolution, taken on 14 May 1988 for Caerlaverock Reserve, ad@ édwgust 1984 for
Wicken Fen, were use@he Landsat (TM) scenes were obtained from the internet using
the GLOVIS tool of the U.S. Gdogical Survey (USGS). The satellite imagery was
received, with each band separated as a TIF file. All processing to convert TIF files from
the single band to seven bands in a single image was done with ERDAS ER Mapper. A
second set of images was usetiljsing Landsat7 (TM) satellite imagery with 30 meter
resolutionfor Caerlaverock Reserve, taken on 1 June 2009, and on 23 August 2009 for
Wicken Fen. It can be noted that both sets of images were only a few days apart in their
respective yearswith similar cloud cover, thus radiometric balancing was not considered
These were obtained frothe sameagency(USGS) with each band separated as a TIF
file. The same procedures were followed as above to obtain-tayesresatellite image

with seven bands (Fig2.5). An visual interpretation of the study areas at these places
where no changes seems to have occurred revealed little difference in the radiometric
balance, so the ER Mapper tool was not udedaddition, a frame_and_fill program
developed by the &tional Aeronautics and Space Administration (NASA) was used to
rectify the gaps problem (SLC gdéif) seen in 2009 Landsat imagery (Fig. R.@his

, CO0OS met i cwassimappuopriate; theinsupervised classification does not work
effectively with the" f i Iwitheléiidsat 1 June 2009, and the gaps appeared again as
differently classified bands. For thisasonthe image taken on 1 June 2009 was not used,

and another image for Caerlaverock Reserve, taken on 11 July 2009, was used instead.
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[ Data set }

Create one multihand image from the
individual TTF files of seven TM bands

-

Fzeudo layer
FPzeudo layer
Paeudo layer
Pzeudo layer
Pzeudo layer

Pseudo layer

Fzeudo layer

e

Load the data mnto each layer, and then
rename the lavers appropriately such as
(Band 1. Band 2. Band 3, etc.)

",

-,
-

Band 1

Band 2

Band 3

Band 4

Band 5

Bandd

Band 7

"

Seven Bands colour composite
created-

Figure 2-5: Flow chart showing procedure to separate TIFF bands from a Landsat TM scene
and reformed as an ER Mapper as a 7 Band image. (Refer to Appendix 2 for further details of
this process including displaying a natural colour image on screen using 3 bands).



Chapter 2 Methodology 39
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Figure 2-6: Shows (a) gaps in Landsat 2009TM image, (b) Landsat 2009TM image, after gap
filling procedure, using MADAsGEtGddgasiteagpeaced r a m
after classification as differently classified stripes.

2.5 Image Classification Approach

Common image analysis techniques used in mappeitand vegetation include digital
image classification (i.e. unsupervised and supervised classification: e.g. May et al. 1997;
Harvey and Hill 2001) and vegetation index clustering (Yang 200#). remote sensing

techniques were used to identify and dlgsgegetation in the two Study Areas.

Unsupervised andupervised satellite classifications were performed on Landsat 4 and 7
(TM) satellite images. Classifications are a compgtrerated analysis of an image based

on reflectance values. The classfion results in a map of land cover. In order to consider
only the Study Area portion of the whole image, the individual images (Wicken
Fen1985TM, 2009TM, and Caerlaverock Reserve 1988TM, 2009TM) were subset to
extract the Study Area, using the subset I00oOERDAS ER Mapper. The process of
creating a subset involves two steps: the first identifies appropriate rows and columns for
the study area (using the PAINT tool in this case), and the second uses the subset tool i
ER Mapper to produce the resultingbset imagegsee Fig. 2.7, and Figure 2.8). The
methodology adopted in this study for image preparation and vegetation classification by
using ER Mapper is summarised in the flow chart shown in Figure 2.9.
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Identify appropriate rows and
columns for study area. PAINT tot
used for this.

A 4
[ Display the whole scene }

in ERDAS ER Mapper

\ 4
Select Utilitiesthen
Select file maintenanc

\ 4
Select save a subsgtimage and

then enter the value of the rows a
columnsobtained from PAINT

\ 4
Save the new data set by selectil
appropriate WINDOW from the
subset

\ 4
[ Display theStudy Area]

scene

Figure 2-7: Procedure for choosing the Study Area from whole satellite image using the ER
Mapper. (Refer to Appendix 3 for further details of this process).
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Figure 2-8: Subset images showing the study area.
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[ Data set ]

Prepare Landsat
imagesee Fig. 2.5

v

Identify appropriate rows a
columns for study area.
PAINT tool used for this.

Select of theStudy
Areasee Fig. 2.7

A 4 \ 4
Unsupervised classificatio Supervised classification
to generate (six ten) land Create polygons defining

cover classesausing regions in image
ISODATA algorithm (cover classes)
v
v (Evaluate class signatures )
Assign (six—ten) coloured regions (using histograms
classes andive the name fc scattergrams)
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inspection v

( Classify the imagéselect a)

classification type).

\ 4 \ . STANDARD" )

Evaluate classification
accuracy

A 4
Display and evaluate h
classification

(assign colours to classes
J

A 4 A 4
[ Output results ] [ Output results ]

Figure 2-9: Landsat TM image analysis approach using ER Mapper, supporting both
Unsupervised and Supervised classification.
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2.5.1 Unsupervised Classification

Unsupervised procedures (using the ISODATA algorithm) can classify images into
spectral classes, focused solely on the natural groupings derived from the image value
(Govender et al., 2007). The unsupervised approach is often used matioegeover
mapping. The benefits of unsupervised classification methods are that they involves the
transfer of original image data, which provides information of higher classification
accuracy (Xie et al, 2008)rhis classification ISODATA algorithn) is based on the
natural groupings of the spectral properties of the pixels, which are usually selected by the
Remote Sensing software without any influence from the UKBMBRDATA is an
unsupervised classification method that uses an iterative approachomatioigp a number

of heuristic procedures to compute classes. The ISODATA utility repeats the clustering of
the image into classes until a specified maximum number of iterations has been performed
or a maximum percentage of unchanged pixels has been delaetvecen two successive

iterations (Melesse and. Jord@002), for a specified number of classes.

In this study, unsupervised classification was used to produce land cover classes for eac
Study Area. In the unsupervised classification, the ISODATgorithm in ERDAS ER
Mapper was used, which classifies the image into ss@lected number of classes using

an iterative calculation procedure to ensure maximum statistical separability based on the
spectral data. An unsupervised classification was peddron the image specifying 6 and

10 classes with 25 iterations, and a 0.98 confidence interval.

2.5.2 Supervised Classification

The maximum likelihood classifier (MLC) is a parametric classifier that assumes normal or
near normal spectral distribution for obafeature of interest in the target image. A
supervised maximum likelihood classification algorithm was used to detect change in
vegetation cover, because supervised classification depends to a greater extent than oth
methods on a combination of backgnal knowledge and personal experience of the areas
under investigation (Jensen, 2005). It consists of the identification of areas of specific
features for each land use type or laoder of interest to the analysis, (Govender et al.,
2007).
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Supervised marmum likelihood classification was chosen to compare the outputs with
unsupervised classification results, which is particularly important for this study, because it
identifies and locates land cover types that are knawnrori through a combination of
interpretation of aerial photography, Ordnance Survey map analysis, and fieldwork.

Traditional techniques of classification in remote sensing used -lpiseld image
classification, either using supervised or unsupervised classification. Vegetation ardices
very often used in pixel based classification as an input channel to improve the
classification result (Walter, 2004), pixel based approaches certainly can be useful for
characterizing the land cover, and are particularly useful when landscape catapaine
interest have very different spectral signatures (Gibbes et al., 2010). In this study pixel
based classification was used to classify the imafjes.analysis process in this method
depends only on the spectral information in the images and it dielglsvith the optical

value of each pixel.

Functional object based classification techniques, distinct from pixel based techniques,
began to emerge in the 1990s (Janssen, 1993). The particular strength of object base
techniques over pixddased techniggs has been found to be with high resolution imagery,
particularly in urban environments or other patterned environments (Myint, et al. 2011;
Zhou et al., 2009). However with regard to trees and shrubs (of particular interest in this
research), Myint andaodleagues found user and producer accuracies of 90% and 77%
respectively for pixel based approaches and 84% and 86% for object oriented approaches
even with high resolution Quickbird imagery. There is thus little difference between the
two approaches, farees and shrubs, with user's accuracy in fact slightly higher for the
pixel based approach, and it was concluded that the pixel based approach, for the mediur
resolution images used in this investigation, was adequate. The examination and
development obbject based approaches continue to be active research areas in the eartl

observation sector.
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2.5.3 Change Detection in Wetlands with ArcMap GIS

Wetlands ecosystems are prone to possibly substantial change over time, in both habite
conditions and vegetan cover. ArcMap GIS 10.Rastercalculator (an extremely flexible

tool with which the author was familiavyas used to perform change dwien analysis

using Landsat TM. It has been assumed that all detected changes have arisen from chang
in vegetatim; however it musticknowledgedhat in British context there changes might,
sometimes, arise from changes in illumioaf wetness, shadow and colour; to calculate
the change in the cover between the times selected in the areas of study by following the
steps:

- Convert the outcome map from the ER Mapper supervised classification to TIF
format (created in ER Mapper) as thesparatdands forsubsequent tase in
ArcGIS.

- Loading the TIFF file as three separate bands in ArcGlSusecif loading it as a

single image loses the details of the supervised classification.

- Use “Raster Calcul ator?” for combini ni
(1xband1+ 2xband2+3xband3) to retain the original supervised classification.

- Using “RasnRec!| £ad cut atwmecl assify the ¢
in the previous step and-tabel with the given in Tables 3.8 and 3.9.

- Obtain identical area for both images through clipping two areas by using extract
by the rectangle.

- Multiply the area fromimage date 1 and the area from image date 2 to obtain the
change detection image of vegetation zone, then intetipretdne outcome pixel
valuesas shown in Table 3.10.

The steps adopted in this study for change detection map from Landsat TM using

ArcMapGIS 10.1 are summarised in the flowchart shown in Figure 2.10 below.
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Map of supervised classification
reformatted to TIF for transfer from EF
mapper, for each date.
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\ 4
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spatially identicabrea.

A 4
Multiply image date 1 by image da
2, to get changdetection imagef
vegetation zonefefer to Table 3.1(

Figure 2-10: Flowchart to get change map of vegetation from Landsat TM

in ArcGIS 10.1.
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2.6 Ground Truthing Analysis

2.6.1 Line Transect

The line transect approach is particularly useful in studying flooded riverine and fen
wetlands, which charastistically support ecotones (ecological spatial gradients).
Transects had random starting points and were run in lines through the plant community,
with total length depending on local conditions. Along the transect, quadrat samples were
taken at interval to record plant community composition and abundance, and relevant
environmental characteristics (e.g. water depth, shade from scrub or tree vegetation
physicachemical attributes etc). Vegetation state variables, e.g. total cover, average height
and speies diversity (S) were also recorded. These methods are standard for wetland
vegetation survey (e.g. Kennedy et al., 2006; Timoney, 2008; De Steven et al., 2004,
Bukland et al., 2007).

In this study, sampling was undertaken along six transects ineWigkn, in June 2010

and seven transects in Caerlaverock Reserve, in July 2011.

2.6.2 Quadrats

In Study Area 1 (Wicken Fen) the survey was conducted B84 June 2010: forty 1 fn
quadrats were taken in total, placed randomly along six transects irenliffergetation
types(usually running from open area into shaded lamithin Wicken Fen. The survey in
the second Study Area was conducted 8198 July 2011, with a total of fortgight 1 nf
quadrats placedompletelyrandomly along seven transectsdifferent vegetation types

within Caerlaverock Reserve (Eastpark Farm).

In each sample quadrat, species assemblage, frequency and richness (S, number of spec
per nf) was recorded within a 1m x 1m qliat with one hundred 10cm x dd sub
divisions. Te abundance of each pl ant -sqoaes toe s

obtain % frequency: %F) was recorded within each quadrat; see Apgendix
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Measurements of soil pH and soil conductivity (uS/cm) were made in each quadrat using a
Hanna meterThe number of vegetation layers was recorded. Water depth was measured in
some quadrats, when standing water was preaedt]light measurements were taken, at
head height, using a SKYE PAR singlensor meter, under, and immediately outside
overhangingvegetation, when the quadrat was under or adjacent to scrub or trees, in order
to assess % shadsee Appendix 4c, 7cPaired light measurements for this purpose were
taken as quickly as possible to minimise error, due to changing incoming light candition
(fortunately both surveys were undertaken during periods of hot, sunny weather which
minimised this problem)The latitude and longitude of each quadrat were recorded (to 10
m accuracy) using a handheld Garmin GPS. Latitude and longituolit@tes mesured

in the field were subsequently converted to X and Y (meter) values using the website
nearby.org.uk, and then input to the GIS to show the position of each guadrat on the stud

area map.

2.6.3 TWINSPAN Classification of Ground reference
Vegetation Survey Data

In this study, TweWay Indicator Species Analysis (TWINSPAN: version -Aijust
2005) was used to carry out species classification ofégetation samples (Murphy et al.
2003). Information output from the analysis is contained in the resultsedal{s.txt). For

each division, TWINSPAN identifies the strength of the division as an eigenvalue: a high
eigenvalue (approaching 1.00) indicates strong separation of the two sample groups
produced, with little similarity in species composition; a loweeawxplue (approaching
zero) indicates strong overlap of sample groups in terms of species compo#i@on)
values were adopted more than;Qle indicatorpseudo specie&pecies at a predefined
range of abundance, which characterises the sample gradiissnthe samples assigned

to eachsample group For the purposes of this study, the most usédature of
TWINSPAN is the final output twavay table(Kooh et al. 2008).
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2.6.4 TABLEFIT Classification

TABLEFIT 1.0 (Hill, 1996) was used to determine WN&tional Vegetation Classification
(NVC) categories delineated by eigenvalues with high value®.500) and equivalent
community types in the European CORINE biotopes sdiaation) for the ground
reference dataamplegroups that were identified by TWHPAN. Currently, national
vegetation classification (NVC) is the standard phytosociological approach to the
classification of natural, semmatural and major artificial habitats in Great Britain,

describing over 250 community types (Kennedy and Murp@§3).

2.6.5 Statistical Analysis

For normally distributed data, a emay analysis of variance (ANOVA) was applied to
determine significant differences between environmental and vegetation variables for
sample groups identified Ipgrisod HtsNVEIE Asld to T L
determine which groups were significantly different in mean values for soil pH,

conductivity, and vegetation height in the groups designated by TWINSPAN.

2.7 Achieving the Aims of the Investigation

Having developed the methodolomythis chapter, it is hoped that the following two
chapters will show how this has baemplemented irthe two study areas in order to

achieve the study aims and objectinamely

1 Toinvestigate the propostiat vegetation changes over time (e.guulsenvasion;
successional changes) have an effectvetland plant community structure in UK
wetland systems, which can be detected and quantified using resmoeseng
imagery. Thisproposal isnvestigatedusingan approach which combines remote
sensinganalysis of imagery over time with ground truth of existing wetland

vegetation communities at two contrasting wetland sites in the UK.



Chapter 2 Methodology 50

The specific objectives of the study are:

1 To assess the value of using differing forms of remote sensing imagéeng in
mapping and monitoring of spatial and temporatiation in wetland vegetation,
with a particular view to developing procedures which can be transferred to Libya.

1 To evaluate procedures by investigattegiporal wetland plant community change
at two contrasting UK locations by combining analysis of remote sensing data and

theuse of GIS techniques.
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Chapter 3- Wicken Fen study area 1
3

3.1 Introduction

Wicken Fenis anEnglish fen wetland whiclwasacquired ad has been managed by the
National Trustsince the late 19 century During the first half of the 20 century,
cessation of cropping and falling water levels led to extensive invasion of the Fen by fen
carr. In1961,a management plawasdrawn up toaltert h e  SuecesSienalecline ad

to restore its former habitéPainter, 1998)A section of Wicken Fen namétlicken Sedge

Fen has particular ecological and historical importgrmecause it is reputedly theole
undrainedremnant of the Cambridgeshire Fenland. Drainage of this area for cultivation
since the 17" century has dramatically reduced the area of fen and open water in
Cambridgeshire until, by 1900, Wicken Sedge Fen (130 ha) was the only subsiaatial

of fen remaining (Bwell, 1986). Many wetlands are now recognised as important
ecosystem resources and have varying leg€lprotection in the UK, such &pecial
Areas of Conservation (SACs), Sites of Special Scientific Interest (SSSIs) anddacal
reserves (Kennedy and Murphy, 2004).

Wicken Fen is one of the oldestd most intensively studied nature reserves in the British
Isles. From the middle of the nineteenth century, it has been a prized collecting and
recordingground for naturalistsAs the &nland all around was drained for agriculture, the
Fen become an isolated refuge for the characteristic species of fen habitats (Friday ant
Harley, 2000) Wicken Fennature reserves designatechs a NationaNatureReserve and

is a sanctuary fabirds, plants, insects and mammals, including otters and rare butterflies.
The diverse landscape at Wicken Fen is made up of femabitats (including sedge
beds, reed communities afen meadows); aquatic habitats (such as dykes and pools);
drier grasland and woodlandntensive farmland surrouathe site, but the Fen represents

an ancient landscape ligh diversity and aesthetic appeal (Heteal.,2007).
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3.2 Description of the study area

Wicken Fen UK National Grid reference TL 557@ located 5 km northeast of the city
of Cambridge It is a floodplain fen of about 130 ha, and a site of considerable natural
history and conservation value, a remnant of the original peat fens of the East Anglian
basin. It is bounded on its north and west sideslay banks, on the south by a broad
watercourse known as Wicken Lode, and on the east by the lasith@f the Wicken ridge
(Fig.3.1). The location ispartly covered by fen carr withFrangula alnus (Alder
Buckthorn)and Salix cinerea(grey sallow)as themost abundantree speciesFrangula
alnus Mill. synonyms Rhamnusfrangula L. is a small deciduous treer coarse shrub.
Distribution of Frangula alnus in the British Isles, as shown in Figure (3.2yoids
permanently waterlogged and drougione siteslt is found on a wide range of soils, in
scrub on fen peat, on the edges of raised mires, in scrub, and in wooltlasd.
characterisd by regenerating strongly &ft cutting, burning or grazing; indeethis
species was planted for charcoal producti@mline Atlas of the British & Irish Flora,
2013).0ver 10.5 haare covered byCladiummariscus(Great Fersedgé¢. The remainder
of the herbaceous vegetation is dominatedMufinia caerulea (Purple Moofgrass,
Calamagrostis epigejo@Vood Smalreed, C. canesceng$Purple Smalreed, or Phalaris
arundinacea(Reed Canargras3 (Rowell et al., 1985; Rowell, 1986; Rowell and Harvey,
1988) Some communities at Wicken Fen arepresented byNational Vegetation
Classification (NVC) categorie$124 (Molinia caegulea-Cirsium dissectuipnand S24
(Phragmites australis Peucedanum The M24 community is almost dominated by
Molinia, typically with Potentilla erecta (Tormentil), Succisa pratensis (Devil's-bit
Scabiouy, Cirsium dissectunfMeadow Thistle)and smallerCarex species Community
S24 is representdaly Phragmitesaustralis(Common Reejd Peucedanunpalustre(Milk -
parsley, Peucedand?hragmitetumaustralis and Caricetumpaniculataepeucedanetosum
(tall-herb fern); this is the most widespread herbaceous commudaind at Wicken Fen
(McCartney and de la Hera, 2004). Other plant communities present in Wkaken
include M22 usually represented yncussubnodulosugBlunt-flowered Rush)and
Cirsium palusture(marshThistle) fen-meadow, andhe W2 community (woothnd) Salix
cinerea (Grey Willow), Betula pubescens(Downy Birch) and Phragmites australis

(Rodwell, 1991)this is the most botanically diverse vegetation community at Wicken Fen.
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(source www.wicken.org.uk/intro_map.htm)

Figure 3-1: Location of Wicken Fen.


http://www.wicken.org.uk/intro_map.htm
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(Source:http://www.brc.ac.uk/plantatlas/index.php?g=plant/frangula-alnus )

Figure 3-2: Distribution of Frangula alnus in the British Isles.


http://www.brc.ac.uk/plantatlas/index.php?q=plant/frangula-alnus

Chapter 3 Wicken Fen study area 1 55

3.3 Airborne and Space-borne Surveys

Aerial photographsf Wicken Fen were obtained from the UK Aerial Photos Database,
and the landsatTMscenes were obtained from the internet using the GLOVIS tool of the
U.S. Geological Survey (USGSt might be worth noting that satellite imagery is now
much cheaper to acquireising GLOVIS, for exampleenables acquisition with lower
costg than aerial imagery (UK Aerial PhosoDatabase prices are about £8Q00 per
photo); Dr this reasopsatellite imagesvere usedn this study,and their resultsompaed

with thoseobtained from aerigdhotos.

3.3.1 Aerial Photography Interpretation

Georeferencedair-photomosais were used dsase mapfrom which cover types present

in Wicken Fen were digitised oscreen usingArcGIS. Major structural changes in
vegetation were determined by comparing vegetation maps interpreted from aerial
photographs tadn in 1985 (black and whitesee Figure 3.&nd 2009 (true colourgee
Figure 3.4 Vegetation vas mapped on the basis of tree ahdub canopy cover. Areas
were classified akerbaceous fefwhite colour, in Figures 3.5, 3.6, 3.7, 3iBno trees

were apprent in the photographs. The result obtained from interpretation of 2009 air
photos(Fig 3.8) when compared to aiphotos 0f1985 (Fig 3.5) has shown vegetation
cover has changed, especial | yseeFguredFEsrandal | °
3.8 to compare total cover of trees astirubs in 1985 and 200®etails of the

methodology used agiven below
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The ptd cover of trees and shrubs wdslineated orscreen using the AMap GIS 9.3,
and laterArcMap GIS 10.1,based on aerial photographs (1985, 2009),candndtruthing
fieldwork in 2010.To classify the aerigpanchromatic imagery of 1985 Ordnance Survey
map analysis andisual interpretation onlyere usedIn addition, 1999 ath 2003 Google
Earth imagey of the study areaf Wicken Fenwas also delineated, and the reshibwed
thechanges in tree/shrub covieom 1999 to 2003Figs. 3.6 and 3.7).

Based upon thealculationof the coverof trees and shrulis aerial photogor the target
area,usng ArcMap GIS, the results suggest a decrdemm 1116072m?* (equivalentto

111.6072 hajn 1985(Fig. 3.5)to 671951 m? (equivalentto 67.1951 hajn 2009 Fig. 3.8)

in which some 444121 Tfequivalentto 44. 421 ha) of tree/shrub canopy were lost.

The change rate in the cover (trees and shrubs) can be calculated using the following
formula (Veldkamp et al., 1992)

(Fl 3 Fz)/ Fl

Change rate (percent;y = 3100

where:

F. is the cover area at the beginning of reference period
F.is the cover area at the end of reference pgriod
N is the number of years in reference pdrand

yisayear.

The calculated annual change rate in the cover trees and shrubs from 1985 to 1999 we
2.24 %, from 1999 to 2003 was 0.28%, from 2003 to 2009 was 1.48%, and the annual
change rate in the cover trees and shrubs of the whole denimd1985 to 2009 was

1.66 %.

Over the whole quarter century period (198%9) the percentage loss of trees and shrubs,
based on the foregoing, was 39.8%. However on an annual basis the calculated change ra
in the cover of trees and shrubs fro88% to 1999 was 2.4% per annum, 0.28% from 1999
to 2003, 1.48% from 2003 to 2009, and 1.66% overall. It might be interesting to consider

why the annual rate of decrease varied, but it might also be worth considering \ithisther
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method to monitorannual bange is justified. The method relies on digitizinghoto
interpreted polygons on aerial photographs;ven amongst very experienced photo
interpreters this technique has associated erordd be affecting this approach,n

Wicken Fen, as described irethext paragraph.

Polygons AB and C of Figures-5 and 38 were each digitized five and four times each,
respectively. The results are shown in Appendix 10. From these results it can be seen tha
for Figure 35 (i.e. 1985), the average sizes of tlidygons A,B and C were 10142.8m
88899 nf and 49182.8 fm respectively, and the standard deviation of the areas of the
polygons A, B and C were respectively 95.3, 2455.05 rh and 2284.4m° Based on
these standard deviations (SDs) assbuming the igitizing error is normally distributed,

it can be claimed that there is an almost 1{@#ectly 99.7%, based on 3x Spjobability

that the size of the polygons A,B and C are between 985720&nch 10428.5 f)
81533.8mM and 96264.2 M and 42329.6Mmand 56036.0M respectively- or the
averaged area +2.8%, 8.2% and 13.9% in the cases of A, B and C respectively. With
digitizing precision athislevel it becomes difficult to discuss annual changes in wood and
scrub cover, but it is acceptable to diss changes over several decades, as the percentage

changegi.e. 39.8%)are much greater than the percentage error arising from digitizing.

Repeating this discussion for Figure3i.e. 2009), the percentage errors associated with
digitizing polygons A B and C to find their areas are 0.3%, 1.4% and 2.6% respectively.
The improved quality of digitizing in the 2009 photography can be noted, but the
percentage errors are still of the order of the calculated annual percentage changes, tht
precluding anyeliable discussion of annual rates of change.
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Figure 3-5: Cover of trees & shrubs (green) in Wicken Fen 1985, using air photo
interpretation.
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Figure 3-6: Cover of trees & shrubs (green) in Wicken Fen 1999, using Google Earth.



Chapter 3 Wicken Fen study area 1

60

1.000

1 vl 2ters

Figure 3-7: Cover of trees & shrubs (green) in Wicken Fen 2003, using Google Earth.
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Figure 3-8: Cover of trees & shrubs (green) in Wicken Fen 2009, using air photo
interpretation.
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3.3.1.1 Change Matrices

A ,changes matdex®el opment of the <cl assics:
ma t rconceptwidely used in the Earth @ber vat i on sciences (se
| mage I nterpr et atiilesand, Kieffer dnd Chipman, 260® compake 8 5
»,ground truth® and the outcome from a cl

For reasons of clarity, the creation of an error matrixrisfly described in the following

three paragraphs, relating to Table 3.1.

An error matrix compares two (usually landcover) data sets. One of these is considered tc
be of hi gher accuracy than the other;, al
their comparison gives accuracy statistics for the less accurate data set. For example, th
data set whose accuracy is being considered might be derived from a low resolution
sour ce, such as Landsat TM, whil e databket tr
such as aerial photography, orthophotography or ground observations. An error matrix

provides three types of statistical information:

1. simple probability of the classification of the lower resolution data set being correct
(wher e , pezified leydhe higher sesokition data set), presented in percentage
probability terms-in the simulatedexample below (Table 3.1) this is 70%;

2. user"s accuracy where the product provi

data set suchas aladcover map, in its practical

presented in percentage probability terms, per elasshe simulatedexample below

(Table 3.1) this is 83% in the case of Class A and 50% in the case of Class B;

3. producer s abeuntaaytft hvherevjtded by the
compared to the product provided by the producer using the lower resolution data set,
presented in percentage probability terms, per elasshe simulatedexample below

(Table 3.1) thisis 71% irné case of Class A, and 66% in the case of Class B.

A simulated example error matrix is providedTable 3.1 below for two classes of land

use (A,B) in a 1000 pixel site. In this example, the producers, using low resolution
imagery, mapped 600 pixelsofl ass A and 400 pixels of ¢
,groundtrut h?®") as found in high resol ut]

pixels of class A and 300 pixels of class B (Table 3.1).
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Table 3-1: Explanatory example of an Error Matrix.

PRODUCED
MAP - CLASS | CLASS
> Producer *s @

GROUNDTRUTH A B
!

500/700
CLASS A 500 200 700 (71%)

200/300
CLASS B 100 200 300 (66%)
> 600 400

700/1000 (70%)
User " s ac|500/600| 200/400 (Simple probability of map

(83%) | (50%) being correct)

Several of these error matrices are consitlexgbsequently in this chaptétowever, a

particular development of the ernoratrix hasbeen to use the same statistical apphoto

produce achange matrix The change matrix compares two surveys considered to be of

the same accuracy, but representing different dates. The statistics obtained represel

change, and there has to be a modification of terminology, as shown belaén3T12.

Table 3-2: Explanatory example of an Change Matrix.

DATE 1 -
CLASS | CLASS 5 Percentage Date 2 class
DATE 2. A B retained from Date 1
500/700
CLASS A 500 200 700 (71%)
200/300
CLASS B 100 200 300 (67%)
2 600 400
Percentage Date 1 700/1000 (70%) (Overall
class retained in 500/600 | 200/400 percentage unchanged
Date 2 (83%) (50%) between the two dates)
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It may of course be more interesting to state the above specifically in terms of pgFcenta
changed- rather than percentage unchanged, in which case there has been an overa
change of 30% between the two dates, with: 17% of Date 1 Class A changing to Class B
between the dates; 29% of Date 2 Class A having changed from Date 1 Class B betwee
the dates; 50% of Date 1 Class B changing to Class A between the dates; and, 33% of Dat
2 Class B having changed from Datel Class A between the dates.

Essentially in moving from error matrices to change matrices, we are no longer considering

percentagesorrect but percentages unchanged.

There are several practical examples of these change matrices considered subsequently

this chapter.

3.3.1.2 Using change matrices and error matrices.

In more detail, lie results of change from aerial photography 1985ugefisldwork 2A0

of the classification into five class@sees and shrubs T&S; pasture- P; farmland- F;
herbaceous fenHF; water- W) are shown irthe change matriXable 33. In Table34,

the results obtained frora two-class change matrix for &l photography 1985 versus
fieldwork 2010 areshown. The overall percentage unchanged between the two dates for
the two and five class classifications were found to be 77.5% (Table 3.4) and 67.5% (Table

3.3), respectively.

The comparison, usingrrormatrices between aerial photography of 2009 and fieldwork of
201Q is performed under the assumption that there will have been little change between
the two dates (they are consecutive years) and the error analysis serves to confirm the
aerial photographis a worthy substitute for field workan ideawhich is long established
amongst air photo interpreters esgpported byosbech and Hansen (1994ho mapped
vegetation classes in Jameson Lawtijle Verheyden et al., 2002 reported that aerial
photograps produced accurate vegetation maps of mangrove forests. Accuracy

percentages ové&(% in the twaclass assessment confirm this (see Taldle 3.
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Table 3-3: Five classes change matrix resulting from aerial photography1985 versus

fieldwork 2010 for Wicken Fen.

Aerial 1985 - Percentage retained
T&S P F HF W > unchanged in 2010
FW 20101 from 1985
19/21
T&S 19 0 0 2 0 21 90%
3/3
P 0 3 0 0 0 3 100%
F 0 0 0 0 0 0 NA
4/12
HF 6 2 0 4 0 12 33.3%
1/4
w 1 2 0 0 1 4 2504
> 26 7 0 6 1
Percentage Overall %
from 1985 unchanged between
. 19/26 | 3/7 4/6 1/1
retained o on| NA o 0 two dates:
unchanged in 73.1%| 42.9% 66.7%| 100% 27140
2010 675%

Table 3-4: Two-classes change matrix resulting from aerial photography1985 versus
fieldwork 2010 for Wicken Fen.

Aerial 1985 Percentage retaine
T&S Others > unchanged in 2010
FW 20101 from 1985
19/21
T&S 19 2 21 90.5%
12/19
Other 7 12 19 63.2%
S 26 14
Overall %
Percentage from unchanged betwee
1985 retained 19/26 | 12/14 e e
unchanged in 73.1% 85.7% '
2010 31/40
77.5%

The results of erramatrix analysisfrom aerial photograph®009 versus fieldwork 201&f

t he ¢cl

assi

fi

cati

on i

nt o

five

cl

3.5. Table 3.6hows the results obtained frdmo-class erromatrix for aerial

as s erablewi

t |
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photography2009 versus fieldwork 2010 he overallaccuracies for the error matrix of
two and five classes were found to be 90% (Table 3.6) and 80% (Table 3.5), respectively.

Table 3-5: Error matrix resulting from aerial photography 2009 vs. fieldwork 2010 for Wicken
Fen, using 5 classes.

Aeri al ) User "
T&S P F HF W S | pcorac
FW 2010 y
17/21
T&S 17 0 0 4 0 21 80.9%
3/3
P 0 3 0 0 0 3 100%
F 0 0 0 0 0 0 NA
11/12
HF 0 0 0 11 1 12 oL 6%
1/4
W 0 1 0 2 1 4 S50
5 17 4 0 17 2
Producel 17/17| 3/4 Na | 1117 |12 32/40
Accuracy 100% | 75% 64.7% | 50% 80%

With a positivek ( “* KHAT b r ) valee f0H8) the classificationstownto be 68%
betterthan classification resulting from chance

Table 3-6: Error matrix resulting from aerial photography 2009 vs. fieldwork 2010 for Wicken
Fen, using two classes.

User*®
T&S Other > Accuracy
17/21
T&S 17 4 21 80.9%
19/19
Other 0 19 19 100%
> 17 23
Produce 17/17 19/23 36/40
Accuracy 100% 82.6% 90%

With a positivek ( “ KHAT” “ K wajue(8.80) the classificationshownto bethe
classification is shown to be 80% better than clasgibn resulting from chance.



Chapter 3 Wicken Fen study area 1 66

3.3.2 LiDAR image interpretation

LIDAR data (2 m resolution) for Wicken Fen in 2004 were acquired from the Environment
Agency (England and Wales). The data waseived as Digital Surface Models (DSM)
and Digital Terrain Modal (DTM), with all of the data referenced using the British
National Grid.

Initial results forvegetation heightobtained by subtracting ¢hDTM from the DSM in
ArcMap, appeared as lalack and white 32 bit imag&hrough applying pseuecolours in
the veetation heighthannel, the heights can be visuali®eded on the colouK§igure
3.9). In ArcMap, \egetation height values are fitted to the psecmlour, with the lowest
value being assigned to gray, the highest to red. Trees and shrubs appeargdnita ma
colour and lower valugeof red. Figure 3.10shows the mosaic map with the vegetation
height, for visualised Wicken Fen from LIDAR data, and the OS DTM.

As indicated by Popescu (2007) LiDAR, with its multipturnsis also very useful in
assessig biomass and other vegetation characteristics. Subtle differences between tree:
and shrubs can be detectddet er mi ni ng a single “Trees
the full potentialof LIDAR, and this could be investigated in future work.

The resul obtained from interpretation of 2004 LIDAR d4fgure 3.9) when compared
to air photos of 198%see Figure 3)5 clearly shows vegetation covelnange in Verda | “ s

Fen (A), and Sedge Fen (B), over the nineteen year period.
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Figure 3-9: Height of vegetation at Wicken Fen in a mosaic map of 2004 LIDAR data (white
areas are unclassified, and represent open water)

3.3.3 Landsat imagery interpretation

Assessment of envinmnenal data using remote sensing nd possible without a
characteriation of each land@over type following classificatiorJsually classification is
divided into twocategoriesunsupervised and supervis@ichof which canagglomerate
remotely sensedlata into meaningful group§-he unsupervised classification is often
performed first, as it allows for a preliminary exploration of the data.

3.3.3.1 Unsupervised Classification

An unsupervised classificatiors theoreticallybetter suited to application ira highly
heterogeneous wetland environment (Harvey and Hill 2004¢. results ofanalysis of
1984 LandsatTM imagey using unsupergied classification techniques to produce, first,
tenland cover classes atiden, subsequently, six land cover clasaesshownin Figures
3.10and 3.11
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The en classimage(Fig. 3.10)is difficult to interpret; to interpret the imagee need to
know into which land covetype each category fajlsvith detailed knowledge of ground
truth for the areabutit is not always esy to do thatespecially inaflood plain arealn the
unsupervised classificatiomethod chosenthe classes produced are based on natural
breaks in the distribudn of pixel valuesn the image. As a result, the created classes may
not distinguish betwen the features that the user needs to resolve. For examples
study, thereflectanceof vegetation in flooded arsaand open water types mde too
similar for the software to separate them into distinct classes. In the six class unsupervisec
classfication of the 1984 LandsatTM image of Wicken Fen, there appears to be an
integrationof open watemwith vegetation seeFigure 3.11(light green); this has been
labelled Trees and Shrubs in thigure. The six classesfor the 1984 imagevere tall

vegetaion (trees, shrubs); wet grassland; pastusegerloggedsoil; and agricultural land.

N [ Study Avrea
j [ Trees, shrubs
M Farmland
et grassland
Pasture
Water
Watetlogged soil

Il Vet grassland

1
~
Il
1000 2000 3000 <4000
heters

Figure 3-10: Ten land cover classes of 1984 Wicken Fen LandsatTM image after
unsupervised classification. (See Fig. 2-8 ¢ for the original image, prior to classification)
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[ study area

- “Wet grassland
Trees &shrubs

- Wet graseland
B ioricultural land
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- Waterlogged soil
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Figure 3-11: Six land cover classes of 1984 Wicken Fen LandsatTM image after
unsupervised classification.

Figures 3.12and3.13show the results obtained from interpretation of LandsatTM inyage
for 2009 using unsupervised clsificatiors in six and ten cover classeEhe identified
classes weretall vegetation (trees, shrubs), water body, wet grassland, pastures,

waterloggedsoil, and agricultural land.

An unsupervised classification using ten classes results in some clasesstudy area
which could not be identified by the author (for example Figl3). Reducing the numbers

of classes to six result in a classification whictatchedthe a ut h o reXiging pr e
knowledge
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Figure 3-12: Six land cover classes of the 2009 Wicken Fen LandsatTM image after
unsupervised classification.

The 10 class unsupervised classification produced classes which were difficult to identify,
based on field work andhkbwledge of the area (see Figure 3.13).
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Figure 3-13: Ten land cover classes of the 2009 Wicken Fen LandsatTM image after
unsupervised classification.

Results obtained frm comparing the six class unsupervised classification of the
LandsatTMimagey for 2009, with the similarly classified andsatTM imagey for 1985,
showthatvegetation cover has changedpecially in Sedge Fen (A): see Figures 3.14 and
3.15.
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Figure 3-14: Six classes unsupervised classification of 1984 Wicken Fen imagery
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Figure 3-15: Six classes unsupervised classification of 2009 Wicken Fen imagery, the
circled area (A) shows an obvious change in vegetation.
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3.3.3.2 Supervised Classification

Supervised classificationsingmaximum likelihood classificatioMLC) provided better
resultsthan unsupervised classification fdistinguishng Wicken Fen vegetation classes
and for subsequently monitoringhange (Table 3.27)The accuracy assessment of the
supervisedclassification classes was performed using aerial photos, Ordnance Survey
maps, and fieldwork for cheekalues (validationsouceg. The Study Area was
categoried into fiveland cover classeshe classes wertll vegetaton (trees, shrubs),

pasture farmland(crops) wet grassland, and water.

The results of the supervised classification techniques into five land coverscfasse
Wicken Fen LandsatTM images in 1984&009 are shown in Figures 3.16 and 3.17

n Study Area

.
I.. . Treesé shrubs
'-ll. 1 L . Fasture
' I'Il}- Farmland
| F ] - Wet grassland

e &

J'-'. . )

[ | -~ . L] . a H_ - B . Water
1] 1,000 2000 3000 4000

hieters

Figure 3-16: Land cover classes identified for 1984 Wicken Fen through supervised
classification.
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Figure 3-17: Land cover classes identified for 2009 Wicken Fen through supervised
classification

Scattergrams of supervised classification for all five identified land cover classes of
LandsatTM image in 1984 and LandsatTM image in 2009 for Wicken Fen are shown in
Figures 3.8 and 3.D. It is noticed fom interpretation of the scattergram that there is no
overlap between the land cover classes; which means that the supelasgséttation has
precisely determined land cover classemnd successfully avoided including pixels of

ambi guous xdlas"s) .(or , mi

Ideally, training data should be based on in situ data collected in advance of image
classification (Chen and Stow, 2002). Several spatial sampling objects are used to selec
training data in traditional supervised training from images: sipiglel and polygons or
blocks of pixels (Jensen, 1996). In this study pba$ed classification was used to classify
the images. To select training areas aerial photography, Ordnance Survey maps, an
fieldwork ground reference data (TWINSPAN group clasaifon not used for training
areas) have all been used as a guide for the selection of vegetation classes in supervis

classification.
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erbaceous fen

Figure 3-18: Shows scattergram created from the five class supervised classification using
LandsatTM bands 2 and 4 of Wicken Fen, 1984.

Figure 3-19: Shows scattergram created from the five class supervised classification using
Landsat TM bands 2 and 4 of Wicken Fen, 2009.
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The resul of thesupervised classification tfie 2009 Lands4iM), Fig. 3.21, data, when
compared to classification of the 198&ndsafTM), Fig. 3.20, dataclearly show the
changs in vegetation cover over this perideh 2009 LandsafTM) imagey showeda
decrease in the total cover of trees and shrubs (greegngdmones Ver rand|l “ s
Sedge En (B) compared to 1984 Landsat imggend also showeahnincreasen cover of

trees and shrubs ithez o n e E d mu n dskesFiglires 18.20(afd) 3.ZIhe results
obtained fronthe supervised classificationeresimilar tothe results obtained from aerial
photo interpretation of 1985 and 2069 Wicken Fen(Figures 3.5 and 3.8fonfirming

that for monitoring change to or from trees and shrubs using low resolution satellite

imagery in the context of Wicken Fen, can be justified.

n Stdy Area
. Treesd shrubs
Pastures
Famland

‘Wet grassland

- . ll"'-_ - L . Water

I 1,000 2000 3000 4000
hietars

Figure 3-20: Wicken Fen 1984 supervised classification



Chapter 3 Wicken Fen study area 1 77

. . Treesé shrubs

. Pastures

Farmland
Wet grassland

. Water
1] 1000 2000 3000 4000

hieters

Figure 3-21: Wicken Fen 2009 supervised classification

3.3.3.3 Producing the change matrix

In this case the two data sets being compared are from diffepemiocs (e.g. 1984~
2009).

Following classification in ERMapper, thedatawastransferred to ArcGIS as raster data
sets. The challenge is toepresent and then visualise changdkeat is to produce a map
showing changelsetween 1982009(incl udi ng , no change® ), anct
t ool aladlasps uged to do this

There are 5Soriginal classes (trees and shrubsT&S; pasture- P; farmland- F; wet
grassland WG; water- W) in eachperiod— thus a maximum of 25 changessibilities,
see Table 3.7.
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Table 3-7: Shows the possible 25 changes (including no change).

ORIGINAL CHANGED COMMENT
# CLASS CLASS
1 T&S T&S No change
2 T&S P
3 T&S F
4 T&S WG
5 T&S wW
6 P T&S
7 P P No change
8 P F
9 P WG
10 P wW
11 F T&S
12 F P
13 F F No change
14 F WG
15 F W
16 WG T&S
17 WG P
18 WG F
19 WG WG No change
20 WG wW
21 W T&S
22 W P
23 W F
24 W WG
25 W W No change

For the original class (1984) the five land cover clasgere rdabelled as shown in Table
3.8.

Table 3-8: 1984 land cover classes, showing original class name and new label.

T&S

QIO |AIN|F

o)
F
WG
w

For the changed class (2009) the five land cover dassee rdabelled as shown in Table
3.9.
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Table 3-9: 2009 land cover classes, showing original class name and new label.

T&S 10
P 14
F 19
WG 22
W 24

Using the ArcGISMap Calculus tool (which is called RASTER CALQWTOR), the two
data sets armultiplied together,d produce a ew pixel map, with the possible outcome

pixel values shown in Table 3.10 below.

Table 3-10: Outcome pixel values and their meaning.

CLASS CLASS PRODUCT

# 1984 2009 (possible  outcom¢ COMMENT
pixel value)

1 1 10 10 T&S to T&S No change
2 1 14 14 T&S to P
3 1 19 19 T&Sto F
4 1 22 22 T&S to WG
5 1 24 24 T&S to W
6 2 10 20 Pto T&S
7 2 14 28 P to P No change
8 2 19 38 PtoF
9 2 22 44 P to WG
10 |2 24 48 PtoW
11 |4 10 40 Fto T&S
12 |4 14 56 FtoP
13 |4 19 76 F to F No change
14 |4 22 88 F to WG
15 |4 24 96 FtoW
16 |6 10 60 WG to T&S
17 |6 14 84 WG to P
18 |6 19 114 WG to F
19 6 22 132 WG to WG No change
20 |6 24 144 WG to W
21 |8 10 80 W to T&S
22 |8 14 112 Wto P
23 |8 19 152 WtoF
24 |8 22 176 W to WG
25 |8 24 192 W to W No change

In the case of Wicken Fen, all possibilities were achieved, thus a palette of 25 colours was

needed.
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3.3.3.4 Detection of change in vegetation; results

The results obtained from change matmalgsis usig the Arc Map (v10.1)re included

in a chart showing class changes from 1984 to 2009 in WickenTredte(3.11& 3.12).
Based on the table change mattadl vegetation (trees, shrubs) covered an area of 1535
pixels (equivalent t0ol38.15 ha) in 1984see Table 3.11 About 65.6% 1008 pixels
equivalent to 90.7 ha) of total canopy for tall vegetation had changed by 2009 as follows:
19.0% @92 pixels equivalent to 26.28 ha) changed to pastures, 15234 (ixels
equivalent to 21.3 ha) changed to farmland,936 @388 pixelsequivalent to 34.9 ha)
changed to wet grassland, and 6.2% fixelsequivalent t8.19 ha) changed toater, see
Table 3.12 The result obtained from the calculated change matrix confirtnaetthe
reduction result lotained from aerial phtographsindicated there has been a change in
vegetation during the period 1984 to 2009 at Wicken, E#ihough actual change rates
differ (1.6% pa with aerial photos, 0.4% pa with supervised classificafignre 3.22
shows thespecific spatial distribtion (location) of land coverhange (change patterns)
that haveaaken place between the individual cover types at Wicken Fen 2089.Table
3.13 shows the results obtained from talass change matrix f@upervised classification

of satellite imageryl984 versus satellite image3009, with the overall percentage

unchanged of 80%.
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Table 3-11: Change matrix for Wicken Fen in the 1984-2009 period, values in pixels.

Percentage
1984 4 retained
T;‘]erjbg; Pasture Farmland V\r/:;slan d Water > unchanged
2009 | 9 in 2009
from 1984
Trees & 527/1373
Shrubs 527 196 550 58 42 1373 38.4%
Pasture 292/1409
292 292 446 144 235 1409 20.7%
Farmland | 54, 699 536 270 490 2232 | 23612232
24%
Wet 187/1169
grassland 388 105 288 187 201 1169 20%
1289/3191
Water 91 1032 341 438 1289 3191 40 4%
> 1535 2324 2116 1097 2257 9374
Overall %
Percentage
from 1984 unchanged
retained 527/1535| 292/2324 | 536/2116 | 187/1097 | 1289/2257 between two
unchanaed 34.2%| 12.6% 25.3% 17% 57.1% dates:
o 20099 2831/9374
30.2%

Table 3-12: Class distribution for changed land cover in Wicken Fen in the 1984-2009 period,

in hectares.

1984

gﬁﬁzf‘ Pasture Farmland V\r/:i;slan d Water
20091 9
Trees &
Shribs 17.64 495 5.22 3.78
Pasture | 55 5g 40.14 12.96 21.15
Farmland | ;) 34 62.91 24.3 44.1
Wet 34.92 9.45 25.92 18.1
grassland
Water 8.19 92.88 30.69 39.42
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Table 3-13: Two classes change matrix resulting from satellite imagery 1984 vs. satellite
imagery 2009 of Wicken Fen.

™ 1984 Percentage retained
-gr?reusbf Others > unchanged in 2009 fror

TM 200 1984

Trees & 527/1373

Shrubs 527 846 1373 28%

6993/8001

Others 1008 6993 8001 87%

> 1535 7839 9374

Ferci’gg‘ge Overall % unchanged

o 527/1535 | 6993/7839 between twalates:

unchanged in 34.3% 89% 7520/09374

2009 80%
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Figure 3-22: Land cover change map for Wicken Fen 1984-2009.
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The results ofthe chang matrix from the six classes of unsupervised classificaifon
satellite imagery 1984ersus fieldwork 200, with percentages unchanged,sisown in
Table 3.14 Table 3.15 shows the results obtained frahe two-class change matrix for
unsupervised classificationf satellite imageryl984 versus fieldwork 200. The overall
accuracies for the change matrix wbtand six classes were found to be 70% (Table 3.15)
and 47.5% (Table 3.14), respectively. There anedinal classes (trees and shrub$&S;
pasture P; farmland F; wet grassland WG; water— W; tall herbs TH)

Table 3-14: Six classes change matrix resulting from unsupervised classification of satellite
imagery 1984 vs. fieldwork 2010 for Wicken Fen.

TML10984 Perc_:entage
retained
T&S P F WG w TH > unchanged in
2010 from
FW 201 1984
18/21
T&S 18 0 0 3 0 0 21 850
1/3
P 0 1 2 0 0 0 3 33.3%
F 0 0 0 0 0 0 0 NA
WG 5 0 0 0 1 0 6 NA
w 2 1 1 1 0 0 5 NA
TH 2 0 2 0 1 0 5 NA
19/40
> 27 2 5 4 2 0 47 5%
Overall %
Percentage unchanged
retained 18/27| 1/2 between two
unchanged in 66.7 | 50% NA NA NA NA periods:
2010 from 1984 19/40
47.5%
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Table 3-15: Two classes change matrix resulting from unsupervised classification of
satellite imagery 1984 vs. fieldwork 2010 for Wicken Fen.

from 1984

™M 1984 ~ Percentage retained unchange
T&S Others 2 in 2%10 from 1984 )
FW 20101
18/21
T&S 18 3 21 85 7%
10/19
Other 9 10 19 52 6%
28/40
) 27 13 20%
Percentage retaine Overall % unchanged heeen
: 18/27 10/13 . .
unchanged in 2010 66.6% | 76.9% two periods :8/40

70%

The results of the error matrix from six classes unsupervised classificdtisatellite
imagery 2009versus fieldwork 2009v i t h

Table 3.26 Table 3.27 shows the results olmed from two-class errormatrix for

user “s and , gershodvuic er ©

unsupervised classificationf satellite imagery2009 versus fieldwork 2010rhe overall

accuracies for the error matrix of two and six classes were found to be 65 % (Table 3.27)

and 52.5% (Table 3.26), respectively,igthare somewhat low results.
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Table 3-16: Six classes error matrix resulting from unsupervised classification of satellite
imagery 2009 vs. fieldwork 2010 for Wicken Fen.

TM 2009 - —
T&S P F WG W TH 5

FW 2010! Accuracy
18/21

T&S 18 2 0 1 0 0 21 | ge 794
3/3

" ° ° ° 0 0 0 3 | 100%

w 2 3 0 0 0 0 5 NA

TH 3 1 0 1 0 0 c AN

21/40

> 20 > 0 2 0 0 |525%

Produc| 18/29 3/9

Accuracy 62.1% | 333% | A NA NA | NA

With a positivek( “ KHAT” ) val ue ( 0.shdvjtobe bettertbdna s s i f
value on assignment of pixels, in this case 20% btser classication resulting from
chance

Table 3-17: Two classes error matrix resulting from unsupervised classification of satellite
imagery 1984 vs. fieldwork 2010 for Wicken Fen.

T™ 2009 - User *
T&S Others >

FW 20101 Accuracy
18/21

T&S 18 3 21 85 7%
8/19

Others 11 8 19 42 1%

26/40

> 29 11 65%

Produce 18/29 8/11

Accuracy 62.1% 72.7%

With a positivek ( “ KHAT " ) val ue ( 0. 2®wntotbd eettercthan 8 s |
value on assignment of pixels, in this case 28% b#tten classification resulting from

chance.
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The resul of the chang matrix from five classes supervised classificatbrsatellite

imagery 1984versus fieldwork 2009with percentages unchangeate shown inTable

3.28 Table 3.19shows the results obtained frothe two-class change matrix for

supervised lassification of satellite imageryl984 versus fieldwork 2010The overall

percentages unchanged for the change matrix of two and five classes were found to be 77.

% (Table 3.19) and 67.5% (Table3.18), respectively.

Table 3-18: Five classes change matrix resulting from supervised classification of satellite
imagery 1984 vs. fieldwork 2010 for Wicken Fen.

TM 1984 _ ;?;?ﬁg;age
T&S P F WG w > h di
FW 2010 unchanged in
2010 from 1984
14/21

T&S 18 0 0 0 4 22 66.7%

3/6
P 0 3 2 0 1 6 50%
F 0 0 0 0 0 0 NA

4/8
WG 4 0 0 4 0 8 50%

1/4
W 2 0 1 0 1 4 2504

26/40
> 24 3 3 4 6 65%
Percentage Overall %
rotaned | W24 | 33 |\ | a | 16 petween o
0 0,

unchanged in 58% 100% 100% | 16.7% periods: 26/40
2010 65%
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Table 3-19: Two classes change matrix resulting from supervised classification of satellite
imagery 1984 vs. fieldwork 2010 for Wicken Fen.

T™M 1984 Percentage retaine
T&S Others > unchanged in 2010
FW 20101 from 1981
18/22
T&S 18 4 22 81 9%
12/18
Other 6 12 18 66.7%
30/40
> 24 16 75%
Percentage from Overall %
1984retained 18/24 12/16 unchanged betwee
unchanged in 75% 75% two periods:30/40
2010 75%

The resultof the error matrix from the five class supervised classificaifd009 satellite
imagery versu2010 fieldworkwiththe user s and producer " s &
Table 3.20 Table 3.27shows the resudt obtained from the twolass errommatrix for
supervised classificationf 2009 satellite imageryersus 2010 fieldworkThe overall
accuracies for the error matrix of two and five classes were found to be 75 % (Table 3.21)
and 52.5% (Table 3.20), respectively.

Table 3-20: Five classes error matrix resulting from supervised classification of satellite
imagery 2009 vs. fieldwork 2010 for Wicken Fen.

T™ 200 Dear -
T&s | P F | we | w 5

EW 201 Accuracy

T&S 16 1 0 3 1 21 1761/;)1

p 0 1 0 2 0 3 3§/§’%

F 0 0 0 0 0 0 NA

WG 5 1 0 4 2 | 12 | 2%

W 0 1 0 3 0 4 NA

5 21 4 0 12 3 ;21/;0%

Produc| 1621 | 14 | | 412 | 03

Accuracy 71% 25% 33.3% | NA

With a positivek ( “ KHAT b r ) Jvalaep(@23)’the classification ghownto be
betterthe classification is shown to be 23% better than classification resulting from chance.
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Table 3-21: Two classes error matrix resulting from supervised classification of satellite
imagery 2009 vs. fieldwork 2010 for Wicken Fen.

TM 20009 User"
T&S Others > Accurac
FW 2010 y
16/21
T&S 16 5 21 71%
14/19
Other 5 14 19 73.79%
30/40
> 21 19 7506
Produce 16/21 14/19
Accuracy 71% 73.7%

With a positivek( “ KHAT”

better than classification resulting from chance.

“ K wajue (A.30theclassification is shown to be 50%

The results of the error matrix from five classes of supervised classifiatisatellite

imagery 1984 versuaerial photographyt985wi t h

user

S

aunadies pre o d

shown in Table 22. Table3.23, shows resudt obtained fronthe two-class erromatrix

for supervised classificatioof satellite imagery984 versuserial photograph§985 The

overall accuracies for the error matrix of satellite imageryaesial photographpf two
and five classes were found to be 65 % (Table 3.23) and 52.5% (Table 3.22), respectively.
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Table 3-22: Five classes error matrix resulting from aerial photography 1985 vs. satellite
imagery 1984 for Wicken Fen.

AP 198 User *
T&S P F WG W >

TM 1098 Accuracy
19/26

T&S 19 0 0 6 1 26 73.1%
212

P 0 2 0 0 0 2 100%

F 0 5 0 0 0 5 NA

WG 5 0 0 0 0 5 NA

w 2 0 0 0 0 2 NA

21/40

> 26 7 0 6 1 52 504

Produc| 19/26 217

Accuragy 73.1% | 28.6% NA NA NA

With a positivek( “ KHAT” “ K wajue(8.13}he classification is shown to be 13%
better than classification resulting from chance.

Table 3-23: Two classes error matrix resulting from aerial photography 1984 vs. satellite
imagery 1985 of Wicken Fen

AP 1984 -, User |
T&S Others > AcCUrac
TM 1985 y
19/26
T&S 19 7 26 23.1%
7114
Other 7 7 14 50%
26/40
> 26 14 65%
Produceg 19/26 7/14
Accuracy 73.1% 50%

With a positivek ( “ KHAT” “ K wajug(B.23) the classificationstownto be 23%

betterthan classification resulting from chance.
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The results of the error matrix from five classes supervised classificatiGatellite

imagery 2009 versuaerial pheography2009wi t h

user

S and

pr od:

shown inTable 3.24 Table3.25, shows resudt obtained fronthe two classes erranatrix

for supervised classificatioof satellite imager009 versuserial photograph2009 The

overall accuracie$or the error matrix of two and five classes were found to be 70 %

(Table 3.25) and 52.5% (Table 3.24), respectively.

Table 3-24: Five classes error matrix resulting from aerial photography 2009 vs. satellite

imagery 2009 for Wicken Fen.

AP 200 User *
T&S P F WG W >

™ 200 Accuracy
13/21

T&S 13 0 0 8 0 21 61.9%
2/4

P 1 2 0 1 0 4 50%

F 0 0 0 0 0 0 NA
6/12

WG 2 2 0 6 2 12 50%

w 1 0 0 2 0 3 NA

21/40

> 17 4 0 17 2 52 504

Produc]| 13/17 2/4 6/17

Accuracy 76.5% | 50% NA 35.3% NA

With a positivek( “ KHAT”

“ K wajue (.25) the classification shownto be 25%
betterthan classification resulting from chance.
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Table 3-25: Two classes error matrix resulting from aerial photography 2009 vs. satellite
imagery 2009 of Wicken Fen.

AP 2009 - User
T&S Others > AccUrac
TM 2009 y
13/21
T&S 13 8 21 62%
19/23
Other 4 15 19 28.9%
28/40
> 17 23 20%
Produce 13/17 15/23
Accuracy 76.5% 65.2%

With a positivek( “ KHAT” “ K wajug(8.40) the classificationshownto be 40%

betterthan classification resulting from chance.

A summary of overall classification accuracy from two and five classes of 2009 Wicken
Fen aeal photography versus fieldwork 2010 is shown in Table 3.26.

Table 3-26: Shows accuracy of aerial photography 2009 versus fieldwork 2010, see Tables
3.5and 3.6.

Nu(r)r;ber Aerial Overall classification
classes photography accuracy

2 2009 90%

5 2009 80%

On the basis of Table 3.26 it waoncluded that aerial photography was comparable to
fieldwork and should be use to assess the quality of sat#tgsification A summary of
overall classification accuracy from an unsupervised classification (2 and 6 classes) and
supervised classifation (2 and 5 classes) for Wicken Fen satellite image using aerial
photography for1984 versus fieldwork 2010 is shown in Table 3.27.
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Table 3-27: Shows accuracy of satellite imagery using 1985 aerial photography for
validating 1984 satellite imagery and using 2010 fieldwork for validating 2009 satellite
imagery.

Year of Overall classification
Classification| Class satellite
. accuracy
imagery
5 1984 70%
Unsupervised 2009 65%
classification 5 1984 47.5%
2009 52.5%
5 1984 75%
Supervised 2009 75%
classification . 1984 65%
2009 52.5%

3.4 TWINSPAN classification

TWINSPAN analysis was undertaken o tB4 species in 32 families (see Appendix 4a,
4b) recorded from 40 quadrats (coordinates captured in the field by GPS) located on €
transects at Wicken Fen in 2010. The distribution of quadrat samples belonging to 4
TWINSPAN sample endroups identified bythe analysis (see below) along the six
transects is shown in Fig. 3.23.
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Wicken Fen quadrats
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Figure 3-23: Distribution of quadrat positions (for 4 TWINSPAN sample groups) in Wicken
Fen.



Chapter 3 Wicken Fen study area 1 95

Sample end groupsvere all located at the second level tie tclassification with
eigenvalues for the divisions producing these groups all reasonably high, (> 0.500). For the
vegetation communities that these represent, Appendix 5. The first division
[Eigenvalue = (®4]] divided the 40 quadrats into a reggve (right) group including 29
quadrats, and a positive (lefjfyoup including llquadrats A dendrogram showing the
classification is given irFig. 3.24 and list of species with their groups and indicator
speciesn Table 3.28The indicator species in the negative group vireya trivialis (Rough
Meadowgras3, Galium palustre(Common Marskbedstray, Cladium mariscugGreat Fen
sedge and Symphytum officinal@Common Comfrey, The indicators irthe positive group
was Festucarubra (Red Fescue The second divisiorat the secondhierarchicallevel
[Eigenvalue = 0.502divided the 29quadratsnto a negative group including tiadrats,
(indicator speciesCarex distans(Brown Sedgp, and a positive group including9l
quadrats(indicator speciesLysimachia vulgari€rellow Loosestrif¢, Agrostis stolonifera
(Creeping Bent ), and Galium palustr§Common Marstbedstraw )) . The fifth division
[Eigenvalue = 0.520at the same level dividk the 19quadrats into a negaé goup
including 13 quadrats,indicator speciesCardamine hirsuta(Hairy Bittercres}y), and a
positive group including @uadrats,(indicator speciesAlopecurus geniculatugGround
Elder) ).
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Mentha aguafien FPhragmifes ausiraliz
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Figure 3-24: Dendrogram of the TWINSPAN classification of 40 quadrats in Wicken fen.
(3.2 = 3 means number of Line trags 2 means number of Quadrat)
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Table 3-28: TWINSPAN groups, species and indicator species after species classification
(for complete species names #gmendix4b)

Group . . Indicator
Species name abbreviations .
Number species

Arel, CIma Caag Cadi Capa Ciar, Cipa Bepe
Ephi, Fery Gaa, Glhe Hepu Juin Lope Lyvu,
1 Meaq Moca, Popa Potr, Poer, Rufr, Ruoh Sapy | Cadi
SacaSopu, SyofPhau, Phar

Ephi, Hepu Popa Potr, Syof, Cima, Gaap Rufr,
Case Cafl, Phay Caag Cipa, papr, Fiul, Ajre,
Anod, Atfi, Cahi Civu, Crmo, Fepr, Glhe, Juby
2 Lapr, Rely, Ruhy, Sare Sody Stme Trre, Urdi, Cahi
Feruy Gapa Agat, Hola, Irps, Juef Ciar, Juin
Phar

Moca,Lyvu, Case Phau, Caac, Cip#nsy, Alge,
Capl, Cari, Popr, Fiul, Jubu, Urdi, Feru, Gapa,

3 Irps, Lemi, Ratr, Tyla Alge
Rafl, Ruac,Saca,Rali, Sper, HyvuAlpl, Mysc,
Lyeu, Letr,Bepe,Chau, Caot, Ceni, Crh&eer,

4 Lyfl, Thfl, Case,Cafl, Phau, Feru, Gapa, Hol Fery

Irps, Juin, Juef, Ciar, Bepe, Capa, Day
LyvuMeagq, Elun, Lemi, Ratr,
Tyla, Phar

3.5 TABLEFIT Classification

Dependig on TABLEFIT classification to determine UK NVC categories (and equivalents
in the EC CORINE biotopes classification) the first TWINSPAN group hashitjieest
level of similarity to a recognised NVC typ@V26d Epilobium hirsutumtall herb wet
meadow commnity (with goodness of fit 32 CORINE 37.7), sub community
Arrhenatherum elatiusHeracleumsphondylium. The highest matched community type
for the second group was M28b Iris pseudacorus Filipendula ulmariatall herb wet
meadow community sub commuty Urtica dioicai Galium aparing(with goodness of fit
45; CORINE 371). For samplegroup three the highest matched commusiityilarity to a
recognised NVC type was OV2@pilobium hirsutuntall herb wet meadow community
(with goodness of fit 48CORINE 37.7) subcommunityPhragmites australisThe last
TWINSPAN group had theighest matched community type: &1Sparganium erectum
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swamps and tall herb fensommunity (vith goodness of fit 42 CORINE 53.143),
subcommunityMenthaaquatic

3.6 Statistical analysis

The significance of differences in the mean values of environmental and botanical
variables, measured at sample quadrats between the four sample gamfested using
onewayANOVA wi t h

mean comparison(viasgonHu k ey “ s

Table 3.2%hows the mean values &D) for all measured environmental variadeross
the quadratsampledin Wicken Fen, together with the results of ANOVA by Group.
ANOVA tests produced no significant intgroup differencesfor three environmental
variables (soil conductivity, water conductivity and water depth). Two environmental
variables ¢oil pH and shade %) and one vegetation variable (plant hedjdthowever

showsignificant differences among the four TWINSPAN graups

Table 3-29: Shows mean values and standard deviation of the mean (£ SD) for a) soil pH; b)
soil conductivity; c) water conductivity; d) shade; e) water depth; and f) mean vegetation

height for TWINSPAN Groups, as shown by one-way ANOVAandappl i cation of Tu
mean separation test. Mean values sharing a superscript letter in common, per variable, are
not significantly different.

a) Soil pH |b) Cond. [c) Water d) Shade % |e) Water f) Height
Groups Soll Cond depth (M. |(m)

(uS cmb)  |(uS cm')

Mean Mean Mean Mean Mean Mean
Group 1 [7.5060 + 0.33539.5+203.4147.%316.5 [31.66°+43 (0.0 3.847°+ 5.1
Group 2 [7.4085 +0.36/640.1+130.30.0 68.57+41.95 0.0 7.357+ 5.6
Group 3 [7.2336 +0.77[551.2+177.6392+432 447%+48.92 [0.043 0.069/4.4"+4.1
Group 4 6.9517 +0.35/870.5+587.7462+856 0.0 0.69+0.126 [1.1°+0.95
Fs, 36 2.37 2.03 1.97 6.91 2.47 3.99
P ns n.s n.s il n.s *
* = p< 0.05 * * = p< 0.01
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The analysis aafirmed that the % shade had a significant difference betge®ipmeans
in group 2 and group 4 (p = 0.001) (Figure 3.25), with group 2 samples being largely
located under tree/ shrub overstorey vegetation, while group 4 samples were much more

open. Theravas asignificantdifferencebetween height in group 2 and group 4 (p = 00015
(Figure 3.26).

120 -

100
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80 -

bc
60 T

Mean Shade %

40 A

20 - c

Gl G2 G3 G4
TWINSPAN GROUPS

Figure 3-25: Mean (£ S.D) values for soil pH for 4 sample groups. Different letters above
value bars represent a significant difference between group means.



Chapter 3 Wicken Fen study area 1 100

14 - ab
12

10 -
ab

Mean max. height

L B B e

Gl G2 G3 G4

TWINSPAN GROUPS

Figure 3-26: Mean (x S.D) values for shade height for 4 sample groups. Different letters
above value bars represent a significant difference between group means.

In addition to testing the significance of differences in mean values of envintainaed
botanical variables, | measured the significance of differences in mean values of
Ell enberg®"s indicator values, based on t
(2004), sed\ppendix6.

Table 3.30 shows the mean values (xS Ellenber g* s i ndi cator va
species present in samples, comprising each sample grodficken Fen, together with

the results of ANOVA by Group. ANOVA tests produced no significant igteup
differencesfor reaction (soilpH or water pH) and light. Moisture value however did

show significant differences among the four TWINSPAN groups.
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Table 3-30: Shows ean values and standard deviation of the mean (+ SD) for a) Light; b)

Moisture; c) soil/water pH) for TWINSPAN groupsdependi ng on EIl |l enbergds
for plants, as shown by one-way ANOVA and application of Tukeybs mean test. Me a
sharing a superscript letter in common are not significantly different.

a) Light b) Moisture d) Reaction (soll
Groups pH orwater pH)
Mean Mean Mean
Group 1 | 7.13+0.57 6.9% + 1.57 6.3+ 1.26
Group 2 | 6.93t 0.65 6.7+ 1.57 6.29+ 0.87
Group 3 | 7.05+0.51 8.55+1.7 6.2+ 1.00
Group 4 | 7.09+ 0.46 7.77°+2.02 6.16+ 0.95
P n.s kel n.s

¥ = p< 0. 0D=Ip>0.05

ANOVA analysis confirmed that #re wasa significant difference beteen the four
TWINSPAN groups immean moistureR = 0.00) (Figure 3.27), with samples from Group
3 supporting species with high Ellenberg soil moistwakies There were naignificant
differences betweethe four TWINSPAN groups for mean light and mean reaction (soil

pH or water pH).

12 -

10 1 al:l
h ‘{

Mean miosture (Ellenberg’s value)
[n3]
|—

=1 =2 =3 =4
TWINSPAN Group

Figure 3-27: Mean (+ S.D) values for shade percentage for 4 sample groups. Different letters
above value bars represent a significant difference between group means.
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3.7 Discussion

Successful use of aerial photography interpretation in the study of wettsggedation
ecologydepends mainly on thagh spatial resolutiomf images to providgood results for
interpretation, mapping, and tlemparisons betweedifferent periods.However, this
investigation has shown that similar information can be acquired from satellite imagery,
which is much more accessibla.the pasthree decades, major advances Hasenmade
in the application of remote sensing techniques to landscape characterisation, habita

monitoring, and spatial analysis of surface cover change (Ahmed et al., 2009).

Depending on the results obtained fromia@ephotographs and Landsat TM usedfan
Wicken Fen during the period between 1985 and 2009, greyedeffective at detecting
changesin vegetation over time. There is clearly potential &pply this technique
elsewhere, for example tbetecttemporl changes in wetland vegetationLibya. Plant
communities of wetlands in serarid areasare particularlysensitive to any change,
whether natural or change as a result of human act{egpecially changing rainfall
pattern, drainage et¢.3o usingremote sensing techniques to study these ecosystems will
provide valuable information that is useful for management plans and conservation of these
habitats.

Aerial photographs were used successfully for studying the vegetation cover in Wicken
Fen in theperiod between 1985 and 2009. Ascigar from interpretation of 1985 aerial
photos when compangt hi s peri od with 2009 aadeSedga |
Fen(parts of Wicken Fen}he total cover of tall vegetation (trees and shrubs) has changed.
Calculaton of total cover of trees and shrubs and delilm@atising ArcMap GIS for four
years 1985, 1999, 2003 and 20@@antified the changes inr@e/shrub cover. Godwin
(1936) reportedhat some scrupsuch agrangula(asmall tree)s uf f er s -bfarc & rh
caused by the fundWectria cinnabrinaand Fusariumsp, and is an important cause of
loss of dominanceén adult carr. Aso, Friday (1997) noted that in Wicken Fen a large
proportion of the=rangula standing on all parts of the Feecame dead wooélowever,

undoubtedly much more important than this is active management to clear fen carr and
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woodland, and restore open fen vegetation within the Nature Reserve over the study

period.

The mostcommon vegetation mapping techniqure the world is aerial photography
interpretation (Lewis and Phinn, 2011which has a higher levedf detailed mappindor
vegetation communitiesand high accuracy using manual interpretation technjcfoes
example ina tropical freshwater swamp (Harvey aHhdl, 2001). Pollard and Briggs
(1984) reported @t aerial photography provided valualdormation fordetermining the
distributionof carrvegetation at Wickefen in 1929.

Based on morphometric measurensemiade from the aerial photography intexation
obtained from the delineation of total tall vegetation cover of Wicken (5eaFigures
3.11and 3.14, the total tall vegetation cover decreased annuéljyl.®6 from 1985 to

2009 This quantifiedchange of canoplyeightin Wicken Ferover the studyeriodis most

likely primarily of the woodland and carr removal management programme, rather than
due tonaturalchange.Rowel and Harvey (1988) reported that the major vegetation i
Wicken Sedge Fem the 1980s wascrub, andthe most abundant speciegre Salix
cinereaand Frangula sp. A part of thecarrin Sedge Fer{a part of Wicken Fenjvas
removed due tesubsequent management operations, and evidence of recent clearance
activities was personallgbservedduring ground truth field workn 201Q Mountford et

al.,, (2012) notecsome evidence thden herbaceous vegetation wasestablishing on
Verrall's Fen(a part of Wicken Fenyhere carr hdbeencleared.

Overall classification accuradyom aerial photography of 2009, for tvemd fiveclasses
(90% and 80% respectively) indicates that through my classification metitotjas

generallypossibleto carectly distinguish map classésee Table 3@).

The results obtained froranalysis ofLIDAR imagery clearlyshow thechanges in
vegetation covein bothVer r al | * s Fen ((5&¢ Figar8.8), c@npategle F
with the aerial photos of 1985 and 2009. This resufigestghat using LIDAR for the
studyof vegetation covechange hagreat potentialor use inecological research, because

it directly measures the physical attributes of vegetation canopy strychateare highly

correlated with the basic plant communitiesliffereing canopyevels. Genc et al.(2004
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state that thenost practicamethodologyfor determiring the size ofvegetation based on
height is LIDAR,providing anaccurate and cosfffective alternative to mapping wetlands
from the grounil Antonarakis et al. (2008) used LIiDAR data to classify forest and ground
types, and reported success iowately classifying aund 95% However it is expensive

toobtainrand t her ef or e t h enitgrimgenpymnat besaVailahle e d e d f

In addition, when comparg aerial photogor 2009 with Wicken FeiNVC map results
(Colston 1995) it can beshown thaimuch ofV e r r a | (& past of W\écken Fen)has
changed from W2 comuomity (Salix cinereg Betula pubescens$hragmites australis
typically a community of topogenous fen peagmcompassingnost of the woodland
recogni sed asain, Roéwell 1694)rtad OV26c HpiloBium hirsutum tall

herb wet meadowcommunity characteristic of moist but wedleratedsoils, shade

sensitive,and onmesotrophic to eutrophic mirarsoils and fen peats in opevater

Rodwell 1991).

Colston(1995) notedhatalmostallo f Ve r r(a pait df WickkeneFengarr falls into
theW2 woodland communityand wusually the average of s
indicator valuesis between 46. According to TABLEFIT resu#, it showed the W2
community changingto OV26c¢ (tall herb wet meadow communijtywhich prefers
circumneutral eil conditiors. Rodwell (1991) has described the habitat dpilobium
hirsutum(which isan indicator of OV26c) satall herb wet meadow, sensitive to shade. It
grows in open arasaavoidng the canopy of tall trees and shrubgjicating thatareas of
Verrall's Fenwerecleared frontheir woodland canopio become open argauitable for

growth ofthe tall herb community.

Unsupervised and supervised classifications areisbhalmethods ued for satellite image
interpretation. The results obtained fromnbaatTM imageanalysis for 1984 imagery
using unsupervised classification demonstragesd resultsisingsix land cover classeé
limitation of this method is thathe classes are produced based on nataral cover
features, whichmay notcorrespond teéhe features that the user needs to resolve. In the six
classes LandsalM image analysis of the2009 imagery succeeded ishowng some
change compared with 1984jth the resuts being fairly similar to those obtained from

analysis ofaerial photographyJsingten land cover classes proddagasses which were
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difficult to identify, based on field work and knowledge of the area [sgere 3.12.
Analysis of Landsat satellitemageryand aerial photography fdahe detection of land
cover changes betwedhe two decades was done successfelyewhere(e.g. Awotwi
2009; AduPoku 2010)while aerial photographs and GIS were used in an analysis of
vegetation changdéor meadow landscapend forest watershedind provided good resalt
(e.g. Miller 1999; Awlerson 2007). The classification of LandsatTM satellite imagery
achievel ahigh level of accuracy, arttie satellite data providean adequate description of
the major land cover for Wicken Fen wetlanolit it remains apparent thaterial
photography cananetimes provide information that cannot be extracted from satellite
data.

Depending on the results obtained from supervised classificatiarimum likelihood
classification (MLC) showed better results for distinguishing Wicken Fen vegetation
classegsee Table 3.2)7 Supervised classification often yields maps with a higher mapping
accuracy (Johnston and Barson 1993), and achieves good separation of classes (Solims
and Soussa, 2011)Aerial photography, Ordnance Survey maps, and field wookind
truthing all proved useful heras a guide for the selection of vegetation classes in

supervised classification.

The spectral overlap between wetland cover typesgsoblem frequently identified in the
application of remote sensing to wetland environméetg. Johnston and Barson 1993,
Sader et al. 1995), becaysemmonly different vegetation types may possess the same
spectral signature in remotely sensed images (Xie et al. 2008). The results from
scattergrams of supervised classification for all lamekec classes of the LandsatTM image

in 1984 and LandsatTM image in 2009 showed no overlap between the land cover classes
which means thdty not including class pixels other than the intended cliasgasclearly

possible tashow decreases in the totéltall vegetation covehnerebetween 1984 2009.

Results for the detection of change in vegetatisimg ArcMap (v 10.1) showed thedver

of tall vegetation decreased by 65.6% between 1984 and 2009. More than half of the
percentage change in the tadlgetation cover is change to wet grasslamth a further
19.0% change to pastuf€able 3.11)For unsupervised classificatioftwo classespf the
LandsalM images for 1984 and 2009 at Wicken Fen, the classification had an overall
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accuracyof 70% and 6% respectively; and in six class the classification hddwer

overall accuracyof 47.5% and 52.5% respectively. This ischuse in an unsupervised
classification the classes produced are based on natural breaks in the distribution of pixel
colour in theimage, and the vegetation in flooded and open water types may be too similar
for the software to separate them into distinct classes. Overall classification accuracy from
two classes supervised the LandsatTM images for 1984 and 2009 wéséo (Table

3.27).

TWINSPAN classification showed that samyieup 1, the largest TWINSPAN group,
represating alltransects examined at the sifée indicator of the group 2 w&ardamine
hirsuta, which has the highest level of similarity to a recognised NVC type: M28b.
However, stistical analyses showed thdtasle % had a significant difference between
group means 2 and group 4, as well as in height, suggesting that quadrats position group
samples being largely located under tree/ shrub overstorey vegetation, while group 4

samples were much more open.

The changes of vegetation couwbat occurredin Sedge Fen and Verrall's Fen over the
whole period of the study19852009 were substantial, and remaense imagery analysis
proved able to show and quantify these changes. In 1986 r r &dn wds almost
completely covered by tall vegetation (Fig3,9nainly fen scrub,abundantby alder
Frangula (e.g. Rowell and Harvey 1988Compamg aerial photos of 1985 with aat
photographs of 1999 showedme change in scrumver changeyhich may bea resultof
successioal changeand possible impact ddie-back" caused by furad diseaseA big
change occurred after tlieliberater e mo v a | of s &enaruSedga Fev @Y r a
seeFigure (3.2) aspart of the managemeptan to protectherbaceous wetlandpecies
such asMolinia caerulea(Purple Moofgrass) which hasdeclinedin southern England
(though still common in the northern mountains and wet moarg) Cladium mariscus

(Great Fersedge)which is nowrare in Europe (Colston and Friday 1999).
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Chapter 4- Caerlaverock Reserve study area 2

4

The reader should note that the investigation ofdhépterfollows thesame procedures as

chapter 3, and is report@da verysimilarway, for reasons of ease of comparison.
4.1 Introduction

The Solway is the largest area of saltmarsh in Scotlandgmessml as one of the most
important estuaries ithe UK (JNCC, 2004), and usually classified as one geographic unit
(Harvey and Allan, 1998Faltmarskesarecommonlyassociated with estuaries (atsaled
firths and sea lochs in Scotlane.g. Taubert & Mrphy, 2012) An important feature of
Scottish saltmarshes is the frequent occurrence of ndtaraitional habitats; they are
underrepresented by the National Vegetation ClassificaidvC: JNCC, 2004). In
Scotland a transition from saltmarsh to éstrial vegetation (e.g. grassland, freshwater
swamp or woodlandfommonly develops, and is often complete (Harvey and Allan,
1998).

Saltmarshesof the Solway contain a wide range of plant communities, including
transitions to grassland and brackish femich are characteristiof Scottish marshes
(Barne et al., 1996). A few survefigve examined NVC classéw Solway saltmarshes
including themerses of @ealaverock NNR (Peberdy 1989nd estuaries entering the
Solway (Zimmerman and Murphy, 2007Dthe relevant studies of the Solway include
geomorphological mapping (Tipping and Adams, 20ansom, 2003),coastal
management (Hansom and McGlashan, 20@49sion and sediments (Af, 1989)

morphological areathangesisingmaps and aerial photograpidarshall 1962).

The Scottish coasts hold abol®% (equivalent to 6748 ha) of the British ,837 ha
saltmarsh resource, of which the marshes in the Solway Firth account for 8% (equivalent tc
539.8 ha Hansom and McGlashan, 2004). The sea lochs and tistat@altmarshes of
Scotland's estuaries are the least well studied of the country's rich array of haliitats

only limited studies of Scottish saltmarshes (Harvey and Allan, 1998). In west Scatland
PuccinelliaFestucacommunity, often also with largereas ofluncusgerardii, commonly

dominates the vegetation structure of the marshes. In northwestern marshes, a large area
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the pioneer and low marsh communities are dominateflatigornia, Suaedasometimes
with Puccinellig and often also combinedavith Scirpusand Phragmitesat some sites
thoughthe areas are not large (Buf®89.

Along the northern (Scottish) shood the Solway,the upper marsh zone is rich in sedge
(Carex spp) and rushes(Juncusspp), and often showstransitions to freshwar and
brackish marshes. SgarslangAtriplex protulacoide$ saltmarsh is less widespread than
on south and east coasts due to the prevalence of grazangly by cattle The common
saltmarskgrass(Puccinelliamaritima) is the first colonist of the odflats in parts of the
Solway, while in the main mieto-upper marstthe vegetation typas dominated by red
fescue(Festuca rubrasaltmarsh Juncetungerardi) (Barne, et al., 1996). Burd (1989) has
described thealtmarsks of Scotland in considerabletdil as part of the NCC survey of
British saltmarshes. They are dotted all around the doatstyith only eight of the thirteen
recognisedNVC lower saltmarsh communities, and six of nine NVC middle saltmarsh

communitiedbeingfound in Scotland (Boorma2003).

4.2 Description of the study area (Caerlaverock
NNR)

Caerlaverock National Nature Reserve (NNR) (National Grid reference NY045647) is one
of 58 NNRs in Scotlandt is located 10 km south of Dumfries the northern shore of the
Solway Firth It is the largest wetland reserve Britain (Clyne et al., 2007pabout 8 km

long, and widelng from less than 100 m wide at the Nitlmouth in the west, to almost 1

km wide at the Lochar Water in the east (Hansom, 2003). Caerlaverock Merse, including
the 77ha of Priestside Bank at its eastern end, extends to 5Bidnd.1 study arep
(Barne, et al., 1996). Caerlaverock saltmasstiesignate@ Special Area of Conservation
(SAC), a Special Protection Area (SPA), a National Nature Reserve (NNR) andrtta$ pa
the Nith Estuary National Scenic Arel contains8.34% of the saltmarsh in Scotland
(Hansom, 2003), and is dominated by a maigcinellig FestucaandGlauxsward with

small stands of reedéPhragmitesaustralis) (Burd, 1989). Common saltmarghass
(Puccinellig and samphirgSalicornig occur in the creeks (Hansom, 2008Yithin the
grazed Mersesof the Reserve the communities representedSMa6 Juncusgerardii
(Saltmarsh Rugh- Leontodon autumnaliAutumn Hawkbij ; andSM16bFestuca rubra

(Red Fescug Agrostis stolonifergdCreeping BentandPotentilla anseria ( Silverweed.

In ungrazed rarses NVC communities present includgM28 Elymus repengCommon
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Couch saltmarsh, with smaller amowaf Festuca rubraandAgrostis stolonifes; and
SM13d is almost dominated Wuccinella maritima (Common &ltmarshgrass with

Plantago maritima (Sea PlantaifiandArmeria maritina (Thrift) (Peberdy, 1989).
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Figure 4-1: Map section of Caerlaverock Reserve showing Eastpark Merses study area.
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4.3 Airborne and Space-borne Surveys

Aerial photographsf Caerlaverock Reserve were obtained from the ddkhpanyBlue
Sky, and the LandsatTM scenasre obtained from the internet using the GLOVIS tool of
the U.S. Geological Survey (USGS).nhight be worth noting that satellite imagery is now
much cheaper to acquire (using GLOVIS for example free to downloadthan aerial
imagery (UKBIlue Sky pices are quite high£70— £100 per steregpair); for this reason
satellite imagesvere usedn this study,and their result€ompaed with thoseobtained
from aerialphotos.

4.3.1 Orthophotography interpretation

The geereferenced orthophotograph (proddcéom a steregair processed in BAE
System®"s HvweS EHSEd &S etbase map from which cover types present in
Caerlaverock Reserve were digitisedsmmeen using ArcGIS. Major structural changes in
vegetation were determined by comparing vegetationpsmanterpreted from
orthophotographs produced from photography taken in 1988 (black and white) and also in
2009 (true colour): Figures (4.2 & 4.3). Canopy cover was mapped for both years on the
basis of tree (symbolised using a dark green colour) andb geymbolised using a light

green colour): Figures 4.4 and 4.5.



Chapter 4 Caerlaverock Reserve study area 2 111

0 500 1,000
™ ™ —" m— ]

Figure 4-2: Orthophotograph of Caerlaverock Reserve 1988
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Figure 4-3: Orthophotograph of Caerlaverock Reserve 2009.
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Total cover of trees and total of shrubs were delineatestm@en using the ArcMap GIS

9.3 and later ArcMap GIS 10.1 based on orthophotographs (1988, 2009), and
groundtuthing fieldwork in 2011. Based upon the calculation of the cover of trees and the
cover of shrubs ithe orthophotographs, for éhtarget area, using ArcMap GIS, tlesults
showed that the cover of trees increased thrahghtwenty-one years from 3470?
(equivalent to 3.4707 ha) in 1988 (Fig. 4.4%#767 i (equivalent to 4.7767 ha) 2009

(Fig. 4.5), an increase aB060m? (equivalent to 1.3060 ha). Whereas, tésults obtained

from thecover of shrubs suggest a slight decrease in the covers®862m? (equivalent

to 5.9962 ha) in 1988 (Fig.4.4) to 598t (equivalent to 5.9841 ha) 2009 (Fig.4.5)a

decrease of21m? of the shrulzanopy througlwenty-one years.

The change rate in the shrutms/ercan be calculated using the followingrfarla
(Veldkamp et al., 1992):

3100

Change rate (percent;y = %

where:

F. is the cover area at the beginning of reference period
F.is the cover area at the end of reference pgriod
N is the numbeof years in reference peripand

yisayear.

The calculated annual change rate in the shrubs cover from 1988 to 2009 was 0.009 %, S
it could be said thathere is onlya slight change in thehrubscover, while a tree cover
increaseof 1.3% per gar is a natural result for the growth of trees dutivetwenty-one

years.
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Figure 4-4: Cover of trees (dark green) and shrubs (light green) in Caerlaverock Reserve

1988.
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Figure 4-5: Cover of trees (dark green) and shrubs (light green) in Caerlaverock Reserve

20009.
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4.3.1.1 Change Matrices

A ,change matri x*” is a devel opment of t

matri x concept widely used in the Earth
|l mage I nterpretati ond,Kieffex dnd Chipman, 2608Theerrd 8 5 ,

matrixcompare, gr ound truth® and the outcome fr

For reasons of clarity, the creation of an error matrix is briefly described, in the following

three paragraphs, relating to Table 4.1.

An error matrix compares two (usually landcover) data sets. One of these is considered tc
be of hi gher accuracy than the other, al
their comparison gives accuracy statistics for the less accurate ddtarsekample the
data set whose accuracy is being considered might be derived fromearéselution
source, such as LandsatTM while ,the tru
such as aerial photography, orthophotography or ground obses/atm error matrix

provides three pieces of statistical information:

1. simple probability of the classification of the lowers@ution data set being correct

(where ,correct i s as specified by t
percentag@robability terms-in thesimulatedexample belowTable 41) this is 70%;

2user"s accuracy where the pr oduadsolufon oV i
dataset-such as a | andcover map , in its p
presated in percentage probability ternmer class— in the simulatedexample below
(Table 41) this is83% in the case of Class A and 50% in the case of Class B;

3.producer s accuracy where ,the truth®"
comparedo the product provided by the producer using the lower resolution data set,
presented in percentage probability terper class- in the simulatedexamplebelow

(Table 4.1xhisis 71% in the case of Class A and 66% in the case of Class B.

A simulatedexample error matrix is provided below for two classes of land use (A, B) in a
1000 pixel siteln this example,ite producers, using low resolution imagery, mapped 600
pi xels of c¢class A and 400 pixels ofound!| as
in high resolution aerial photography was that there were 700 pixels of class A and 300

pixels of class ETable 4.1).
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Table 4-1: Explanatory example of an Error Matrix.

PRODUCED
MAP - CLASS | CLASS
GROUNDTRUTH| A B 2 Producer " s
!
500/700
CLASS A 500 200 | 700 1%
200/300
CLASS B 100 200 | 300 (66%)
2 600 400
User s a 500/600| 200/400 780'0/1?00 (Z)OT??"[ f
(83%) | (50%) (Simp e probability o
map being correct)

There are several of these error matrices considered subsequently in this Elvapteer,

a particulamodificationof the erromatrix, as also explained in Chapter 3, bae to use

the same statistical approach to producghange matrix The change matrix compares

two surveys considered to be of the same accuracy, but representing different dates. Th
statistics obtained represent change, and theral$@i® be a modifichon of terminology,

as shown below in Table 4.2.

Table 4-2: Explanatory example of Change Matrix.

DATE 1
CLASS | CLASS 5 Percentage &te 2 class
A B retained from Date 1
DATE 2.
CLASS A
50Q'700
500 200 700 (71%)
CLASS B 200/300
100 200 300 (67%)
2 600 400
Percentage Date 700/1000 (70%)
1 class retained | 500/600 | 200/400 (Overall percentage
in Date 2 (83%) (50%) unchanged between the
two dates)
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It may of course be more interesting to state th@va specifically in terms of percentage
changed- rather than percentage unchanged, and this would be that there has been a
overall change of 30% between the two dates, with: 17% of Date 1 Class A changing to
Class B between the dates; 29% of Date 2 Thasaving changed from Date 1 Class B
between the dates; 50% of Date 1 Class B changing to Class A between the dates; an
33% of Date 2 Class B having changed from Datel Class A between the dates.

Essentially in moving from error matrices to changerites we are no longer considering

percentages correct, but percentages unchanged.

There are several practiomkamples of these change matrices considered subsequently in

this chapter.

4.3.1.2 Using change matrices and error matrices.

The results of changeebnveen1988 based ororthophotography, and2011 based on
fieldwork, of the classification into five classes are shawithe change matrix Table 4.3.
In Table 4.4,the results obtained froma two-class change ntdx between thel988
orthgohotographyard the 2011 fieldwork are shown The overall percentageinchanged
between the two dates for the two anefclass classificationsere found to be 93.4%
(Table 44) and 83.3% (Table.3), respectively.

The comparison, via error matrices betwessrial gotography(orthophotography)f

2009 and fieldwork of 2011 (they are only two years apart) serves to confirmetint
photography(orthophotography)js a worthy substitute for field work, which is long
established amongst air photo interpreters egslddch and Hansen (1994) state the aerial
photographs had mppdvegetation classes well in Jameson Land, also Verheyden et al.,
2002 reported that aerial photographs produce accurate vegetation maps of mangrov
forests. Accuracy percentages over 93% m tihio-class assessment of the Caerlaverock

work all confirm this (se@able 4.5).

There are five original classes (treds shrubsS; wet grasslandWG; water— W,
saltmarsh SM).
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Table 4-3: Five classes change matrix resulting from aerial photography1988 (Aerial) versus
2011 fieldwork (FW) for Caerlaverock Reserve.

Aerial 1988 _. feet;?r‘fg;age
T S WG w SM > ,
FW 2011. unchanged in
2011 from 1988
6/6
T 6 0 0 0 0 6 100%
4/4
S 0 4 0 0 0 4 100%
24127
WG 0 2 24 0 1 27 88.8%
w 0 1 2 0 0 3 NA
6/8
SM 0 0 2 0 6 8 7506
> 6 7 28 0 7
Overall %
Percentage from unchanged
1988 retained 18/06; y S;UZ(V 554 /723 NA 82/770/ betweertwo
unchanged in 2011 0 70 70 70 dates: 40/48
83.3%

Table 4-4: Two-classes change matrix resulting from aerial photography1988 versus 2011
fieldwork for Caerlaverock Reserve.

Aerial 1988 . Preef tca?:;?jge
FW 2011 T&S Others 2 unchanged in
\ 2011 from 1988
10/10
T&S 10 0 10 100%
35/38
Other 3 35 38 92 1%
> 13 35
Overall %
Percentage from unchanged
1988 retained 10/13 35/35 between two
unchanged in 76.9% 100% dates: 45/48
2011 93.4%
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The results ofan eror matrix analysis from aerial photography 2009 vers2911
fieldwork of the c¢classification into fiwv
shown in Table &. (it has been assumed that checking 2009 API against fieldwork two
years newekvas aceptable). Table 8, shows the results obtained from talass error
matrix for aerial photography 2009 versus fieldwork 2011. The overall accuracies for the
error matrix of two and five class&gere found to b&2% (Table 46) and 8.3% (Table

4.5), resgectively.

Table 4-5: Error matrix resulting from aerial photography 2009 versus 2011 fieldwork for
Caerlaverock Reserve, five classes.

Aerial 2009 - User "
T S WG W SM >
FW 20111 Accuracy
6/6
T 6 0 0 0 0 6 100%
3/4
S 0 3 1 0 0 4 75%
24/27
WG 0 2 24 0 1 27 88 8%
w 0 1 2 0 0 3 NA
7/8
SM 0 0 1 0 7 8 87 5%
3 6 6 28 0 8
Producel 6/6 3/6 24/28 NA 7/8 40/48
Accuracy 100% | 50% | 85.7% 87.5% 83.3%

With a positivek ( “ KHAoTr” “ K eajue (.73 the classification ishownto be73%

betterthan classification resulting from chance.

Table 4-6: Error matrix resulting from aerial photography 2009 versus 2011 fieldwork for
Caerlaverock Reserve, two classes.
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Aerial 2009 - es o User *
FW 201L er 2 Accuracy
T&S 9 1 10 oo
Other 3 35 38 3952/;)8

> 12 36

Produce 9/12 35/36 44/48
Accuracy 97.2% 92%

With a positivek( “ KHAT” “ K wajue(8.76) the aeksification isshownto be76%

betterthan classification resulting from chance.

4.3.2 Landsat imagery interpretation

A characterization by land cover type is necessary for environmental assessment;
classification of remotely sensed data offers.tbisudly classifications are divided into
two categories, unsupervised and supervised approaches that caragegamerate

remotely sensed data into meaningful groups.

4.3.2.1 Unsupervised classification

The results tht were obtained from LandsatTM image in 8® using unsupervised
classification techniques to produce, first, six land cover classes and then, subsequently
ten land cover classare shown in Figures 4.6 and 4.7. To interpret the image we need to
know into which land cover types eadlass fallswith detailed knowledge of ground truth

for the area, but it is not always easy to do that; the ten classes image is difficult to

interpret see Figure 4.7. In unsupervised classification, the classes produced are based o
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natural breaks in the distributioof pixel valuesin the image. As a result, the created
classes may not distinguish between the features that the user needs to resolve.

For example in this study, the colo{apectral responsef shrubs in wet grassland asea

may be too similar for theoftware to separate them into distinct classeslikadise the

colour (spectral responsef vegetation in flooded areas (saltmarsh) and open water. In
the six classes LandsatTM image for 1988 at Caerlaverock Reserve, there appears to be :
integrationof open waterwith a part ofthe saltmarsh vegetatiaymbolised using the
same coloufmagenta). It might be due to the imdwgging captured in the periodf high

tide; also, shrubsandwet grassland in the target arage visualisedn the same colour

(red) see Figure 4.6.The six classes for 1988 image were trees; shrubs; wet grassland;

pastures; open water, and saltmarsh.

Water
[0 Pastures

Wifet grassland
B Ghntbs

B Tices
[ Baltmarsh

o 1,000 Zoog 3000 4000

™ e ™ s ™ e | 12 S

Figure 4-6: Six land cover classes of the 1988 Caerlaverock LandsatTM image after
unsupervised classification.

The 10 class unsupervised classification produdasses which were difficult to identify,
based on field work analknowledge of the area (see Figure 4.7).
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Figure 4-7: Ten land cover classes of the 1988 Caerlaverock LandsatTM image after
unsupervised classification.

Figures 4.8 and 4.8how the results that were obtained from interpretation of LandsatTM
imagery for 2009 using unsupervised classifications in six and ten cover clakses.
identified six classes were trees; shrubs; wet grassland; waterlogged soil; open water, an

saltmars.
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Figure 4-8: Six land cover classes of the 2009 Caerlaverock LandsatTM image after
unsupervised classification .

The 10 class unsupervised classification produtasses which were difficult to identify,
based on field work aha knowledge of the area (see Figure 4.9).
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Figure 4-9: Ten land cover classes of the 2009 Caerlaverock Reserve LandsatTM image after
unsupervised classification.

4.3.2.2 Supervised classification

The accuracy assessment of distinguistimg Caerlaverock Reserve vegetation classes
following supervised classification was performed by using aerial phato§rdnance
Survey map, and fieldwork as reference sources. Thdy $ttea was categorised into five

land cover classeshe classes were trees, shrubs, wet grassland, saltmarsh andlwater.
select training areas aerial photography, Ordnance Survey maps, and fieldwork grounc
reference data (TWINSPAN group classificatinot used for training areas) have all been
used as a guide for the selection of vegetation classes in supervised classification.

The results of the supervised classification techniques in five land cover classes for
Caerlaverock Reserve LandsatTM ima@gesl988 and 2009 are shown kigures 4.10,
4.11.
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Figure 4-10: Land cover classes identified for 1988 Caerlaverock Reserve LandsatTM image
through supervised classification.

. £
_ R
0 1000 00 3000 4000

Saltmarsh ™ e ™ s ™ e [ 2

- Wet grassland Trees
- D Study area boundary

Figure 4-11: Land cover classes identified for 2009 Caerlaverock Reserve LandsatTM
through supervised classification.
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Scattergrams of supervised classification for all five identified land cover classes of
LandsatTM image in 1988 and LandsatTM image in 2009 for Caerlaverock Resmerv
shown in Figures 4.12 and 4.1& is noticed from interpretation of the scattergram that
there is no overlap between the land cover classes; which means ehstipiérvised
classification hasprecisely determined land cover classes and successutiided

i ncluding pixels of ambiguous c¢class (or

- ?. B
Shruﬁ;ﬁ.

Trees _—_Iﬁ}: A

Figure 4-12: Shows scattergram created from the five class supervised classification using
LandsatTM bands 2 and 4 of Caerlaverock Reserve, 1988.
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Figure 4-13: Shows scattergram created from the five class supervised classification using
LandsatTM bands 2 and 4 of Caerlaverock Reserve, 2009.

4.3.2.3 Producing the change matrix

The two data sets being compateddentify changeare from 198&nd 20009.

Following classification in ERMapper, the data were transferred to ArcGIS as raster data
sets. The challenge is to represent and ti&malise changes, that is to produce a map
showing changes between 198 09 (i ncluding ,no change
t ool ., Ma p h&redsettudo this.* i s

There are 5 classes (tre@s shrubs- S; wet grasslandWG; water— W; saltmash- SM)

in each period-thus a maximum of 25 change possibilities, see Taldle 4.

wo O
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Table 4-7: Shows the possible 25 changes (including no change).

ORIGINAL CHANGED

# CLASS CLASS COMMENT
1 T T No change
2 T S
3 T WG
4 T W
5 T SM
6 S T
7 S S No change
8 S WG
9 S wW
10 S SM
11 WG T
12 WG S
13 WG WG No change
14 WG wW
15 WG SM
16 W T
17 W S
18 W WG
19 W W No change
20 W SM
21 SM T
22 SM S
23 SM WG
24 SM wW
25 SM SM No change

The challenge is to visualise these changes, that is to produce a map showing these chang

(including the no change), and GIS map calculus is used to do this.

For the original class (1988) the five land cover classes nedabelled, using aumeric

pixel value, ashown in Table 8.

Table 4-8: 1988 land cover classes, showing original class name and new label.

WG

IO |A~INF

SM
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For the changed class (2009) the five land cover clagsesrelabelled, using a numeric

pixel value,as shown in Table 4.

Table 4-9: 2009 land cover classes, showing original class name and new label.

T 10
S 14
WG 19
W 22
SM 24

Using the ArcGIS map calilus tool (which is called RASTER CALCULATOR), the two
data set$1988 and 20093an be multiplied together, to produce a new pixel map, with the

following possible outcome pixel values shown in Tabl€4.

Table 4-10: Outcome pixel values and their meaning.

CLASS | CLASS | PRODUCT
# 1988 2009 (possible COMMENT
outcome
pixel value)

1 1 10 10 TtoT No change
2 1 14 14 TtoS Not found in study area
3 1 19 19 Tto WG
4 1 22 22 TtoW Not found in study area
5 1 24 24 T to SM Not found in study area
6 2 10 20 StoT
7 2 14 28 StoS No change
8 2 19 38 S to WG
9 2 22 44 StoW
10 |2 24 48 Sto SM
11 |4 10 40 WGtoT
12 |4 14 56 WG to S
13 |4 19 76 WG to WG  No change
14 |4 22 88 WG to W
15 |4 24 96 WG to SM
16 |6 10 60 Wto T Not found in study area
17 |6 14 84 Wto S Not found in study area
18 |6 19 114 W to WG Not found in study area
19 |6 22 132 W to W Not found in study area
20 |6 24 144 W to SM Not found in study area
21 |8 10 80 SMto T
22 |8 14 112 SMto S Not found in study area
23 |8 19 152 SM to WG
24 |8 22 176 SM to W
25 8 24 192 SMto SM No change
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In thecase of Caerlaverock Resermet all possibilities were achievddi . e . , Not f
st udy thasagaette afnly 16 colours was needed.

4.3.2.4 Detection of change in vegetation; results

The results obtained from change matrix analysis using Arc(MER1) are included in a

chart showing class changes from 1988 to 2009 in Caerlaverock Reserve (Tdble 4.
4.12). Based onthe change matrix tabl&ees only covered an area opikel (equivalent

to 0.09 ha), the shrubs covered an area of 18 pixel®8&8; see Table #1. The total
canopy of shrubs had changed by 2009 as follows: 30 % (324 pixels equivalent to 29 ha)
changed to trees, 67% (705 pixels equivalent to 63.45 ha) changed to wet grassland, 0.3¢
(3 pixels equivalent to 0.27 ha) changed tonsaish see Table 2. Figure 4.14 shows the
specific spatial distribution (location) of land cover change (change patterns) that has taker
place between the individual cover types at Caerlaverock Refsemel 988 t02009. The
results obtained from the baclass change matrix for supervised classification of satellite
imagery 1988 versus satellite imagery 2009, wikrall percentaganchangeaf 64.4%

is shown in Table 43.

This result is unlikely to be trughe supervised classification included sograsses that

were mapped as shrubsa009,perhapshecausef the similar reflectivity of somerough
grazing aresito the shrub Gorsehe supervised classificatioiailed to distinguish the two
types For this reason, in the outcome map of five classes using a supervised classificatior
the cover of shrubs is greater than reality compared wiihl gghotographs of the same
year. In addition, sore wet grassland on the groundssvgarubs ithemap for 1988. This
couldbe due to the small study ar@adthat the trees and shrubs coveaedarea less than

one pixel sze in the Landsat TM image, swobablythe selected training aa for TM

image of 1988 includesome grass with th&hrubs
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Table 4-11: Change matrix for Caerlaverock Reserve in the 1988-2009 period values in
pixels.

Percentage
1988 Wet retained
Trees| Shrubs rassland Water | Saltmarsh > unchanged
20009 9 in 2009
from 1988
1/1674
Trees 1 324 1294 0 55 1674 0.06%
18/23
Shrubs 0 18 5 0 0 23 78.26%
Wet 1299/3134
grassland 1 705 1299 0 1129 3134 41 4%
NA
Water 0 2 15 0 724 741
223/231
Saltmarsh 0 3 5 0 223 231 96.5%
> 2 1052 2618 0 2131 5803
Overall %
Percentage
from 1988 unchanged
retained 1/2 18/1052 | 1299/2618 NA 223/2131 between
50% 1.7% 49.6% 10.5% two dates:
unchanged /5803
in 2009 1541
26.5%

Table 4-12: Class distribution for changed land cover in Caerlaverock Reserve in the 1988-
2009 period, in hectares.

1988 Wet

Trees Shrubs Water Saltmarsh
20009 grassland
Trees 29.16 116.46 0 4.95
Shrubs 0 0.45 0 0
Wet 0.09 63.45 0 101.61
grassland
Water 0 0.18 1.35 65.16
Saltmarsh 0 0.27 0.45 0
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Table 4-13: Two-classes change matrix for Caerlaverock Reserve in the 1988-2009 period,

values in pixels.

2009

1988 - Percentage
Tsrﬁesb& Others > retained unchange

20091 rubs in 2009 from 1988

Trees & 343/1697

Shrubs 343 1354 1697 20.2%

3395/4106

Others 711 3395 4106 82 706

> 1054 4749 5803

Percentage Overall %

from 1988 unchanged

retained 322%8/54 337915/;;49 between two dates

unchanged in 970 970 3738/5803

64.4%
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Figure 4-14: Land cover change map for Caerlaverock Reserve 1988-2009.
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The change matrix from the six classes unsupervised classification of satellite imagery
1988 versus fieldwork 2011 witlpercentagesunchanged is showm Table 4.4. Table

4.15, shows theéhetwo-class change matrix fahe unsupervised classification of satellite
imagery 1988 versus fieldwork 2011. The ovepdtcentages unchangéat the change
matrix of two and six classevere found to be 81.2% (Table 3).5nd 10.4% (Table 44},
respectively. There are 6 origirdasses (treesT; shrubs-S; wet grassland WG; water—

W; pasture P; saltmarshSM)

Table 4-14: Six classes change matrix resulting from unsupervised classification of satellite
imagery 1988 vs. fieldwork 2011 for Caerlaverock Reserve.

TM 1988 Percentage
retained
T S WG w SM P > | unchanged
in 2011
Fwo 201 from 1088
T 0 1 1 1 0 3 6 NA
S 0 0 0 0 0 4 4 NA
3/25
WG 0 4 3 1 6 11 25 19%
w 0 0 1 0 0 2 3 NA
217
SM 0 0 4 1 2 0 7 28 5%
P 0 1 0 1 1 0 3 NA
> 0 6 9 4 9 20
Overall%
Percentage fron unchanged
1988 retained 3/9 2/9 between
unchanged in NA NA 33.3% NA 22.2% NA two dates:
2011 5/48
10.4%
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Table 4-15: Two classes change matrix resulting from unsupervised classification of
satellite imagery 1988 vs. fieldwork 2011 for Caerlaverock Reserve.

T™M 1988 - Percentage retained
T&S Others > unchanged in 2011 fron

FW 201L 1988

6/15
T&S 6 9 15 40%

33/33
Other 0 33 33 100%
> 6 42
Percentage from Overall % unchanged
1988 retained 6/6 33/42 between two dates:
unchanged in 100% 78.5% 39/48
2011 81.2%

The results othe errormatrix fromthe six classes unsupervised classification of satellite
i magery 2009 versus fieldwork 2011 with
Table 4.5. Table 4.7 shows the results obtained frotme two-class error matrix for
unsupervised classification of satellite imagery 2009 versus fieldwork 2011ovEnall
accuraciedor the error matrix of two and six classes were found to be 79% (Tablé)4.1
and 43.75% (Table 46}, respectively.

Table 4-16: Six classes error matrix resulting from unsupervised classification of satellite
imagery 2009 vs. fieldwork 2011 for Caerlaverock Reserve.

T8 T s |we | w | smM | P User”
FW 2011 2 Accuracy
T 0 0 3 0 0 3 | 6 8(/)2

S 0 0 4 0 0 o | a4 8{;{‘)
WG 0 0 15 0 3 7 | 25 1650/02/05
W 0 0 2 0 1 o | 3| 2
SM 0 0 1 0 6 o | 7 856_’;%
P 0 0 1 0 2 0o | 3 8{)}2

5 0 0 26 0 12 | 10

L NA | A | 2320 s | SE2 000 fryous
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With a peitivek( “ KHAT” ) value (0.20) the clthassi f

classification resulting from chance.

Table 4-17: Two classes error matrix resulting from unsupervised classification of satellite
imagery 2009 vs. fieldwork 2011 for Caerlaverock Reserve.

TM2 009 User
T&S Others > AccUrac

FW 2011 y
0/10

T&S 0 10 10 0%
38/38

Other 0 38 38 100%

> 0 48

Produce NA 38/48 38/48

Accuracy 79% 79%

With Ak( “ KHAT"” ) ) the aldssifieatidn & showmo better than a value on
assgnment of pixels, in this ca®86 no betterthan classification resulting from chance.

The results of change matrix from five classes supervised classification of satellite
imagery1988 versus fidlork 2011 withpercentages unchanged are shown in Table 4.18.
Table 4. shows the results obtained from teiass change matrix for supervised
classification of satellite imagery 1988 versus fieldwork 2011. The oveeatlentages
unchangedor the chage matrix of two and five classes were found to be 75 % (Table
4.19) and 58.3% (Table 48}, respectively.
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Table 4-18: Five classes change matrix resulting from supervised classification of satellite
imagery 1988 vs. fieldwork 2011 for Caerlaverock Reserve.

TM 1988 - Percentage
T S WG W SM 5 retained _
unchanged in
FW 2011 2011 from 1988
T 0 4 2 0 0 6 NA
1/4
S 0 1 3 0 0 4 2504
19/27
WG 0 6 19 0 2 27 20.4%
W 0 1 2 0 0 3 NA
8/8
SM 0 0 0 0 8 8 100%
> 0 12 26 0 10
Percentage Overall %
from 1988 unchanged
retained NA é‘ /?:)L; 713? /720? NA ggt? between two
unchanged in 970 70 0 dates: 28/48
2011 58.3%

Table 4-19: Two classes change matrix resulting from supervised classification of satellite
imagery 1988 vs. fieldwork 2011 for Caerlaverock Reserve.

TM 1988 - Percentage retained
T&S Others > unchanged in 2011

FW 2011 from 1988

5/10
T&S 5 5 10 50%

31/38
Other 7 31 38 81.5%
> 12 36
Percentage fron Overall % unchangeg
1988 retained 5/12 31/36 between two dates:
unchanged in 41.7% 86.1% 36/48
2011 75%

The results ofthe error matrix fromthe five classsupervised classification 0f2009

satellite imageryversus2011 fieldwork wi t h

user

s and

produce

in Table 4.20.Table 421 shows the results obtained from belass error matrix for

supervised classification dt009 satellite imageryersus2011 fieldwork The overall
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accuracies for the error matrix a¥d@ and five classes were found to be 52 % (Talié)4.
and 25% (Table 20), respectively.

Table 4-20: Five classes error matrix resulting from supervised classification of satellite
imagery 2009 vs. fieldwork 2011 for Caerlaverock Reserve.

T™M 2009 - User
T S WG W SM >
FW 2011 Accuracy
T 0 3 3 0 0 6 NA
2/4
S 0 2 2 0 0 4 50%
12/26
WG 0 16 10 0 2 26 38.5%
W 0 1 1 0 0 2 NA
SM 0 1 4 0 0 8 NA
> 0 23 20 0 2
Produc 2/23 10/20 12/48
Accuracy | A | 879 | s0% | NA | NA 25%

With a negativk ( “ K H A TK a‘p ypvalde he classification is shown to Ipeorerthan

than classification resulting from chance.

Table 4-21: Two classes error matrix resulting from supervised classification of satellite
imagery 2009 vs. fieldwork 2011 for Caerlaverock Reserve.

T™ 2009 - )

T&S Others > A(L:JclSJrZCr
FW 2011 y
5/10
T&S 5 5 10 50%
20/38
Other 18 20 83 52 6%
5 23 25
Produce 5/23 20/25 25/48
Accuracy 21.9% 80% 52%

With anegativkk( “ KHAT” ) val ue t hetolbepoamrthanthanc at i on

classification resulting from chance.
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The results of error matrix from five classes supervised classification of satellite imagery

1988 versus aerial photography9 8 8 wi t h user s and produc
Table 422 In Table 423, shows the results obtained from telass error matrix for
supervised classification of satellite imagery 1988 versus aerial photography 1988. The
overall accuracies for therror matrix of satellite imagery vs. aerial photography of two
and five classes were found to 0®.2 % (Table 423) and 62.5% (Table 22),

respectively.

Table 4-22: Five classes error matrix resulting from aerial photography 1988 vs. satellite
imagery 1988 for Caerlaverock Reserve.

Aerial 1988 - User "
T S WG W SM S
T™ 1988 Accuracy
T 0 0 0 0 0 0 NA
3/12
S 4 3 5 0 0 12 2506
20/29
WG 1 4 20 0 4 29 68.9%
Y 0 0 0 0 0 0 NA
717
SM 0 0 0 0 7 7 100%
)3 5 7 25 0 11
Producei 0/5 3/7 20/25 NA 7/11 55/543
Accuracy 0% | 42.8%| 80% 63.6% 270

With a positivek( “ KHAT” ) value (0.40) the cltharssi f

classification resulting from chance.
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Table 4-23: Two classes error matrix resulting from aerial photography 1988 vs. satellite
imagery 1988 of Caerlaverock Reserve.

Aerial 1988 - User |
T&S Others > AccUrac

T™ 1988! y
7112

T&S 7 5 12 58.3%%
31/36

Other 5 31 36 86.1%

> 12 36

Produce 5/12 31/36 38/48

Accuracy 41.7% 86.1% 79.2%

With a positivek( “* KHAT” ) value (0.44) the clthassi f

classification resulting from chance.

The results of error matrix from five classes suew classification of satellite imagery
2009 versus aerial photography 2009 with
Table 424. In Table 425, shows the results obtained from telass error matrix for
supervised classification of satellite igeay 2009 versus aerial photography 2009. The
overall accuracies for the error matrix of two and five classes were found 30 be
(Table 425) and27.1% (Table 424), respectively.
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Table 4-24: Five classes error matrix resulting from aerial photography (air) 2009 vs. satellite
imagery (TM) 2009 for Caerlaverock Reserve.

Air 2009 - Deor-
T s | we | w | swm 5
TM 2009 Accuracy
T 0 0 0 0 0 0 NA
2122
S 3 2 15 0 2 22 S
11/21
WG 3 4 11 0 3 21 | o=
W 0 0 0 0 3 3 NA
SM 0 0 2 0 0 2 NA
5 6 6 28 0 8
Produce 2/6 11/28 13/48
Accuracy NA 13330] 39.306| VA | NA 27.1%

With a negativkk( “ KHAT” ) val ue t hetolbepoamrthanf i cati on

classificationresulting from chance.

Table 4-25: Two classes error matrix resulting from aerial photography (Air_2009) 2009 vs.
satellite imagery (TM2009) 2009 of Caerlaverock Reserve.

Air 2009 - User |
T&S Others > AcCUrac

TM 2009 uracy
5/22

T&S 5 17 22 22 70
19/26

Other 7 19 26 23 1%

> 12 36

Produceg 5/12 19/36 24/48

Accuracy 41.7% 52.8% 50%

With a negativik( “ KHAT” ) val ue t hetobepoamrthanf i cat i on

classification resulting from chance.
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A summary of overall classification accuracy from two and five class#s2009
Caerlaverock Reserve aerial photograpéssus fieldwork 2011 is shown in Table 4.26.

Table 4-26: Shows accuracy of aerial photography 2009 versus fieldwork 2011, see Tables
4.5 and 4.6.

Nu(r)r:cber Aerial Overall classification
classes| Photography accuracy

2 2009 92%

S 2009 83.3%

On the basis of Table 4.26 it was concluded that aerial photography was comparable tc
fieldwork and should be use to assess the quality of satelBissification A summary of
overall classification accuracy from an unsupervised classification (2 and 6 classes) anc
supervised classification (2 and 5 classes) for Caerlaverock Reserve satefjiaisng

aerial photography fa988versus fieldwork 2011s show in Table 4.27

Table 4-27: Shows accuracy of satellite imagery using 1988 aerial photography for
validating 1988 satellite imagery and using 2011 fieldwork for validating 2009 satellite
imagery.

Year of Overall classification
Classification| Class satellite
. accuracy
imagery
5 1988 81.2%
Unsuperviseg 2009 79%
classification 5 1988 10.4%
2009 43.75%
5 1988 75%
Supervised 2009 52%
classification . 1988 58.3%
2009 25%
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4.4 TWINSPAN classification

TWINSPAN analysis was undertaken on the 73 species in 22 families (see Appendix 7a,
7b) recorded from 48 quadrats (coordinates captured in the field by GPS) located on seven
transets at Caerlaverock Reserve in 2011. The distribution of quadrat samples belonging
to five TWINSPAN sample endroups identified by the analysis (see below) along the

seven transects is shown in Fig. 4.15.
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Figure 4-15: Distribution of quadrat positions (in five TWINSPAN groups) in the

Caerlaverock Reserve.
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Sample end groups were all located at the level of the classification that stopped at the
third level of division, with eigevalues for the divisions producing these groups all
reasonably high, (> 0.500). For the vegetation communities that these represent set
Appendix 8. The first division [Eigenvalue = 0.823] divided the 48 quadrats into a
negative (right) group including32quadrats, and a positive (left) including 25 quadrats. A
dendrogram showing the classification is given in Fig. 4.16 and list of species with their
groups and indicator species Trable 428. The indicator species in the negative group
were Urtica dioica (Common Nettle) Galium aparine (Cleavers), Holcus lanatus
(Yorkshirefog), and Dryopteris filixmas (Male-fern). The indicators in positive group
were Puccinellia maritima(Common Saltmarsgrass) and Festucaubra (Red Fescue

The second division dihe second level [Eigenvalue = 0.708] divided the 23 quadrats into a
negative group including 6 quadrats, (indicator speciBsilis perennis:Daisy), and a
positive group including 17 quadrats (indicator specigdex europaeugGorse),Juncus
effusug(Softrush) andTrifolium repengWhite Clover). The third division [Eigenvalue

= 0.701] at the same level divided the 25 quadrats into a negative group including 19
quadrats, (indicator speciesotus corniculatus(Common Bird'sfoot-trefoil), and a
postive group including 6 quadrats, (indicator specigalicornia europaegCommon
Glasswort). The fifth division at the third level [Eigenvalue = 0.608] divided the 17
quadrats into a negative group including 10 quadrats, (indicator spektesa dioica
(Common Nettly and a positive group including 7 quadrats (indicator spec@gim
perenne (Perennial Ryearass), Ranunculus repengCreeping Buttercup),Festuca
arundinacea(Tall Fescue),Cynosurus cristatugCrested Dog4ail), Ranunculus acris
(Meadbw Buttercup).
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Jumcus gerardil Fesfuca rubra
Urfica dicica Holeus lanafus
Ranunculus repens Triglochin marifima
E 0823 Urtica divica
2= Gall }
23 | Puccinellia mariiima sz::,_-f Ii‘?;?:;:
Festuca rubra Drpopferis filix-mas
UTex europasus
Lotus corniculal Juncus effitses
Eig=0.701 ot Eig=10.708
= Trifolium repens =
Salicormia suropasus Ravncalus acris Eellis pereypus
Ramumculus repens | Eig = 0,608 Urtica dicica
Fesfuca arundinacea
Cynoserus crisfaius
Lolium perenne
5 1. 14 11 3.1
53 3 16 2.4 gg
fi.1 21 3.2 25 74
6. 2.2 33 34 75
6.3 36 473 3.5
37 4.4 4.1
4.2 5.9
5.4 6.9
55 6.10
5.6
57
58
6.4
6.5
6.6
6.7
6.8
Group 5 Group 4 Group 3 Group 2 Groupl

Figure 4-16: Dendrogram of the TWINSPA sample classification of 48 quadrates in
Caerlaverock.

(3.1 = 3 means number of Line transect, 1 means number of Quadrat).
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Table 4-28: TWINSPAN groups, species and indicator species after species classification

(For a complete species names see Appengix 7

Group . . Indicator
Species name abbreviations :
Number species
ranu repe, ranu acri, bell pere, equi arve, dact
glom, poa triv, urti dioi, gali apar, holc moll,
1 dryo fili, hede heli, hera spho, gera robe, sile ¢ bell pere
elym pycn, poa subc
leon autu,rubu frut, junc effugali palu, junc
infl, symp tube,arme mari, rume acetlex euro,
, stel nemo,junc bufo, card pratjui arvepoly o
2 pers, epil anguagro capi, lotu corn, eleo unig, urti dioi
urti dioi, gali apar, gyce decl,
fest arun, ranu acrgene jaco, cyno crisell pere,
lath prat,loli pere, phle prat, trip mari, caps bur .
. loli pere
poa annugirs arve, elym repdyolc lana, stel
holo, anth od tol, , fest rutm fanu repe
3 olo, anth odor, agro stol, , fest rutanu repe, fest arun
dact glom, trif repe, care nigr, pote anse, , carg ;
cyno cris
flacc, oena lach, :
ranu acri
agro capi, lotu corn, eleo unigoa triv,elym
pycn, trif repe, care nigr, pote anse, gyce decl,
care flacc, oena lach, agro stol, leon autu, poa
subc, care dist, atri hast, spar mari, fest rubr, |t
4 ) ) ; . ) lotu corn
gera, scir mari,ranu baud, trip mari, atpgni,
care dins, coch angl, glau mari, arme mari, pug
mari, plan mari,
fest rubr, glau mari, plan mari, arme mari, sali
5 euro,aste trip, pucc mari, coch offi sali euro

4.5 TABLEFIT Classification

Using the TABLEFIT classification to datmine NVC categories (and equivalents in the

European CORINE biotopes classification) the first TWINSPAN group hasitiest
level of similarity to to OV24 Urtica dioica (Common Nettle — Galium aparine
(Cleavers tall herb community (coefficient = 49, CORINE 87.2) The highest matched

community type in the second group was to OVZEfhlobium angustifolium(Alpine
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Willowherb) tall herb (coefficient =32; CORINE 87.2), sub communityrtica dioica -
Cirsium arvense(Creeping Thistle) Group three was maied to MG12aFestuca
arundinacea(Tall Fescue) mesotrophic grassland inundation community (coefficient =
56; CORINE 37.242), sub communitylium perenne(Perennial Ryarass)- Holcus
lanatus (Yorkshirefog). The fourth TWINSPAN group had a best match MG12b
Festuca arundinaceacommunity (coefficient = 50; CORINE 37.242), community
Oenanthe lachenallii(Parsley Watedropwort). The last TWINSPANroup had a good
match with SM 13dPuccinellia saltmarsh (coefficient = 89; CORINE 15.31), sub

communityPlantagomaritima(Sea Plantairj Armeria maritima
4.6 Statistical analysis

The significance of differences in mean values of environmental and botanical variables,
measured, between the five sample groups, was tested usingagn&NOVA with

Tukey" dforrmeanlkomparisom MINITAB version 16.

Table 429 shows the mean values (£SD) for all measured environmental variables across
the quadrats in Caerlaverock Reserve, together with the results of ANOVA by Group.
ANOVA tests produced significant intgroup for two environmental variables (soil
conductivity, water conductivity) and one vegetation variable (plant height) among the five
TWINSPAN groups.

Table 4-29: Mean values and standard deviation of the mean (+ SD) for a) soil pH; b) soil
conductivity; ¢) shade; and d) mean vegetation height for TWINSPAN Groups, as shown by
oneeway ANOVA and applicati on wnVvaluéspd eayidbke shargng a
superscript letter in common are not significantly different.

t est

a) Soil pH b) Cond. sail d) Height
Groups

Mean Mean Mean
Group 1 | 6.0383 +0.37 215 +121 4.7806 + 2.58
Group 2 | 5.78803 + 0.40 898° + 1144 0.7060 + 0.21
Group 3 | 6.277£+0.82 204 +125 0.2937 +0.32
Group 4 | 7.0753+ 0.51 1736 + 1204 0.2363 + 0.1648
Group 5 | 7.1233+0.14 6767 + 3404 0.0667 + 0.04
P *k% *k% *%k%

***% = p< 0.001
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ANOVA analyses confirmed that there were significant differences between the five
TWINSPAN groups for mean soil pHP & 0.000) (Fig.4.17), mean soil conductiviiy £
0.000) (Fig.4.18), and mean vegetation height 0.000) (Fig.4.19

oo
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Figure 4-17: Mean (x S.D) values for soil pH of TWINSPAN groups. Different letters above
value bars represent a significant difference between group means.
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Figure 4-18: Mean (x S.D) values for max vegetation height for TWINSPAN groups. Different
letters above value bars represent a significant difference between group means.
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Figure 4-19: Mean (+ S.D) values for soil conductivity of TWINSPAN groups. Different letters
above value bars represent a significant difference between group means.

In addition to testing the significance of differences in mean values of environmental and
botanical vambles, | measured the significance of differences in mean values of

Ell enberg“s indicator values based on th
(1999), see Appendix 9.

Table 430 s hows the mean valwues (+£ 8D plahtor
species present at samples comprising each sample group in Caerlaverock Reservi
together with the results of ANOVA by Group. ANOVA tests produced significant
difference intergroups for light, moisture, and sattlerance among the five TWINAN
groups.lt is clear from the resultsfEl | enber g* s | AWINSPAN groupsv a |
that

Group 1lsomewhashadier and driesites, nonsaline

Group 2somewhat moister than latter, and with a minor salt influence

Group 3sunnier and as dry asayip 1, but with minor saline influence

Group 4- still better illuminated, quite moist/wet, with moderate saline influgacel

Group 5 very well lit, wet and with marked saline influence
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Table 4-30: Mean values and standard deviation of the mean (+ SD) for a) Light; b) Moisture;

c)salt-t ol erant) for TWINSPAN groups using Ell enberg
shownbyoneeway ANOVA and application of Tukeyds mean
superscript letter in common are not significantly different.
a) Light b) Moisture d) Salt
Groups
Mean Mean Mean
Group 1| 6.20 + 1.08 5.73+£0.59 0.00 + 0.00
Group 2| 6.73 + 0.88 6.41 £1.37 0.45 +0.91
Group 3| 7.23 +0.71 5.77 +1.18 0.50 + 0.86
Group 4| 7.64 = 0.68 6.93 +1.68 2.07+1.88
Group 5| 8.37 £ 0.52 7.00 £1.07 4.25'+2.19
P *kk *k% *k%
** = p< 0.01 *** = p< 0.001

ANOVA analysis confirmed that there was a significant difference between the five
TWINSPAN groups in mean lightR = 0.000) (Figure 4.20), with samples from Group 1
and Group 5 supporting species with high Ellenberg light values. There were significant
differences between the five TWINSPAN groups for mean moistire @.005) (Figure
4.21),due to samples from Group 2 and Group 3 supporting species with high Ellenberg
moisture values. Also ANOVA analysis confirmed that there was a significant difference
between the five TWINSPAN groups in mean $alerance P = 0.000) (Figure 4.22),
becaise of samples from Group 1, Group 3 and Group 5, supporting halophilic species

with high Ellenberg salt values.
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Figure 4-20: Mean (£ S.D) values for shade percentage between TWINSPAN groups.
Different letters above value bars represent a significant difference between group means.
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Figure 4-21: Mean (x S.D) values for shade percentage between TWINSPAN groups.
Different letters above value bars represent a significant difference between group means.
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Figure 4-22: Mean (+ S.D) values for shade percentage between TWINSPAN groups.
Different letters above value bars represent a significant difference between group means.
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4.7 Discussion

Remote sensing images are especially appropriate for reconnaissance mapping an
information monitoring for different types of wetlands over large geographic areas.
Successfuuse of remote sensing fatetailed interpretation in the study of wetlands
depends mainly on the spatial resolutadrimages to give good results for interpretation,
mapping, and thecomparisons between differergeriods. Aerial photography and
orthophdography were more often used for delineation of the wetlands (Barrette et al.,
2000). Duhaime et al (1997) used orthophotography as an alternative to satellite data fol
assessing vegetation in Block Island and Rhode Island (including freshwater antesaltwa

wetlands) , angbrovided valuable information for preparing detailed vegetation maps.

The orthophotographs werased successfully for studying the vegetation cover in
Caerlaverock Reserve in the period between 1988 and 2009. As is clear fromtatierpre

of 1988 orthophotograph when visually comparing this period with 2009 orthophotograph,
the total cover of shrubs showed no change, while the total cover of trees showed a sligh
increase. Based on to the morphometric measurements made from thEhaiboaph
interpretation obtained from the delineation of total cover of trees and shrubs (see Figures
4.4 and 4.5), the total cover of shrdlighty decreasednnually by 0.009% , total cover

of trees increased annually by 1.3% from 1985 to 2008.slight decrease in the cover of
shrubs, might be as a result of grazing, especially shrubs located in the grazing zone wa
personally observed during ground truth field work in 2011, while the percentage increased

in the cover of trees as a result of grewth of trees through twenty one years.

The most common mapping technique in the world is still based on aerial photography
interpretation (Lewis and Phinn, 2011) and measurement. It is used successfully for
detailed mapping of vegetation communitiaed to a high accuracy using manual
interpretation techniques, faxample ina tropical freshwater swamp (Harvey and Hill,
2001). Overall classification accuracy from aerial photogragh®009 for two and five
classes (92% and 83.3% respectively) iaths that through my classification method, |

was generally able to correctly distinguish map classes (see Table 4.16
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Unsupervised and supervised classifications are usually the methods used for Landsat TN
and other remotely sensed imageerpretation The results obtained from Landsat TM
image analysis for 1988 imagery using unsupervised classification sheatisfactory
resultsusing six land cover classeshile showing a good result from two classes (Table
4.27). A limitation of this method is thahe classes are produced based on natural features
which may not correspond to the features that the user needs to resolve. Cawkwell et a
(2007) reportedhat anunsupervised ISODATA classificationto six classes failed to
distinguish thesmallareas 6Junaisand grassland ithe altmarsh habitat. Unsupervised
classification (two classes) of the Landsat TM images for 1988 and 20QBe at
Caerlaverock Reserve provided fairly good ressultherethe classification had an overall
accuracyof 81.2% and 9% respectively; and in six classes the classification had a lower
overall accuracy 10.4% and 43.7% respectively, because of in an unsupervised
classification the classes produced are based on natural breaks in the distribution of pixe
valuesin the image Overall classification accuracy from tvsupervisedclassesof the
LandsafTM images for 1988 and 2009 were 75% and 52% respectively (T&@)e 4.

In the six classes Landsat TM image analysis of the 2009 imagery the method succeeded i
showing some diérence compared with 1988, with the result beiaigy different to

those obtained from analysis of aerial photography. Using ten land cover classes produce
classes that were difficult to identify, based on field work and knowledge of the area (see
Figure 4.7).A difference between the image of 1988 and the image of 2009 image may be
due to the image in 198&ingcaptured inthe high tide periodand showed large area
immersed by water (Magenta colour Figdré), while in 2009 the imageaptured inthe

periodof low tide and itappearedhatsome areawerenot inundatedKigure 4.8.

The classification of Landsat TM satellite imagemghievesan acceptable level of
accuracy speciallyvith the two classes unsupervisethssification Table 426), andthe
satellite data providex descriptionof the major land cover for Caerlaverock Reserve
wetland, but it remains apparent that aerial photography at high resolution can sometime:
provide better informatiorthat cannot be extracted from satellite datpeemlly insmall
areaslike CaerlaverockBut it is worth remembering that Landsat TM imagesynow

much cheaper to acquire (e.d-@QVIS) than aerial imagery.
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Depending on the results obtained from scattergrams of supervised classification
maximum likelihood classification (MLC) showed better results for distinguishing
Caerlaverock Reserve vegetation classes (Figures 4.11, 4.12). Supervised classificatio
often yields maps with a higher mapping accuracy (Johnston and Barson 1993), and it
achieves goodeparation of classes (Soliman and Soussa, 2011). In addition, Donoghue
and Shennan (1987) noted that the maximum likelihood classification with Landsat TM
showed good separation of saltmarsh vegetation communities. Aerial photography,
Ordnance Survey mapand field work groundruthing all proved useful here as a guide

for the selection of vegetation classes in supervised classification.

The spectrabverlap between wetland cover types is a problem frequently identified in the
application of remote seimmg to wetland environments (e.g. Johnston and Barson 1993,
Sader et al. 1995), because commonly different vegetation types may possess the san
spectral signature in remotely sensed images (Xie et al. 2008). Sahetremndez et al
(2007) state unacceptabmaximum likelihood classification (MLC) for monitoring habitat

in saltmarsh duandthe error (orconfusior) matrix illustrates that the saltmarsh class was
confused with the fenland class, aReid Thomas et al (1995) reportédat themaximum
likelihood classification (MLC) with Landsat TM had difficulty in mapping the vegetation

of the Pioneer zone in saltmarsh vegetation due to mixed pixels of classes.

The results from scattergrams of supervised classification for all land cover classes of the
Landsat TM image in 1988 and Landsat TM image in 2009 showed no overlap between the
land cover classes; which means that the supervised classification has precisely determine

land cover classes and successfully avoided including pixels of ambiguous class.

The results obtained from the detection of change in vegetation using ArcMap (v 10.1)
showed the cover of trees between 1988 and 2009 changed by 50% to wet grasslan
shrubs cover decreased by 87% in the same period. More than half of the percentag
change in the shrubs cover is change to wet grassland, a further 30.0% change to tree
(Table 4.11),and this result seems difficult to accephd poor quality classification is
confirmed by low k{ * KHA T " ). Hewet, supetvised classification incdadsome
grasses thaare mapped ashrubs inan OSmap (1:10000 scalejor 2009, becausthe

reflecion for somegrassedrom therough grazingareais the sameas the shrub Gorse
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(Ulex europaeud..), and supervised classification considered the same reitedb be

one type. For this reason, ithe outcome map of five classessing a supervised
classification the covenf shrubsis greater than reality compared with aerial photographs

of the same year, s€éégure 4.23 below In addition, some wet grassland on the grousds
shrubs in map for 1988. This could be due to the small study area, and the trees and shrul
coveing an area less than one pixel size in thedsat TM image, and probablvhen
selected training area for TM image of 1988 includes some grass with the same colour a:
shrubs see Figure 4.24. Band 2 in the Landsat TM5 is-@&RAm), this meamincluding
reflected waves for Green colour (0.5@0578 um) and Yellow colour (0.578.592um).

For this reason some grass nsimare reflectivity witrshrubs, although the scattergisaof
supervised classification showed better results for all five identidied tover classes of

the Landsat TM image in 1988 and Landsat TM image in 2009 for Caerlaverock Reserve
(Figures 4.12 and 4.13).

According to TWINSPAN classificatiodivided the samplesnto five groups depending

on eigenvalues with high value (>0.508hd showed thahe samplegroup 4,the largest
TWINSPAN group, contained quadrat representing all transects examined at the site. The
indicator of the group wasotus corniculatuswhich has the highest level of similarity to a
recognised NVC type: MG12f@he indicator species of group 5 w@alicornia europaea
which has the highest level of similarity to a recognised NVC type: SM13d, this
community is the most widespread and extensive perennial community of the lower
saltmarsh(Rodwell 2000). This groupas the highest average mean conductivity and the
shortest average mean vegetation heigliwever, statistical analyses showed the soil
conductivity had a significant difference between a group meagsoup 1 and group 5,

as well as in mean heigidepen di ng on the EIl enberg®“s 1in
highest mean for salt tolerance, moisture and light, which mean these specidapted

to live in the high levels of salt and in submerged or saturated soil watereridra
loving, while, the groupl has the lowest mean for salt tolerance, moisture and light.
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Figure 4-23: Shows the rough grazing zone inside the yellow line that has shrubs and
grasses following supervised classification for 2009 Caerlaverock Reserve Landsat TM.
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Figure 4-24: Shows the rough grazing zone inside the yellow line that has shrubs and
grasses following supervised classification for 1988 Caerlaverock Reserve LandsatTM.
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Chapter 5- General Discussion & General
Comparison of Survey Approaches

5

5.1 General discussion

The decline of wetland resources and ecosystem services worldwickeiafly closely
connectedvith local ecological negative effects, e.g. in Libya natural conditions (drought)
or abuse from human activities, or bothsing remotesensing techniques and geographic
information systems will allow us to detect the change that occurs in the vegetatien
wetlands as a result of such impacts, and assist corresponding effective protection ant
utilization measures, as well as helping provide the scientific basis for the restoration of

wetland resources and conservation.

Remote sensing imagery, anagsusing GIS tools, is becoming increasingly useful for
reconnaissance mapping and information monitoring of different types of wetlands over
extensive geographic areas. Remote sensing tools seem to be one of the only practic:
ways to study environmentldt can be difficult to access for landscape characterisation,
habitat monitoring, and spatial analysis of surface cover change (Rehnquist et al., 2001).

The aim of this project was to investigate the proposal that vegetation changes over time
(e.g. scrubinvasion; successional changes) have an effeavettand plant community
structure in UK wetland systems, which can be detected and quantified using remote
sensing imagery. This proposal was investigated using an approach which combinec
remotesensing aalysis of imagery over time with ground truthing of existing wetland

vegetation communities at two contrasting wetland sites in the UK

5.1.1 Aerial Photography Interpretation

In Study Area 1, Wicken Fen, interpretation performed on aerial photographs feattse
1985, 1999, 2003, and 2009, using ArcMap GIS, provided quantitative information on

changing total vegetation cover (trees and shrubs, versus open herbaceous fen vegetatio
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within the 24year study period. The most significant annual change raficken Fen
vegetation cover during this period, based on morphometric measurements made fron
aerial photography interpretation obtained from the delineation of total tall vegetation
cover (trees and shrubs), is for the period between 1985 and 1999, 2% reduction

per year, while the annual rate of change for the period 2003 to 2009 was a 1.48%
reduction per year. Friday (1997) noted that in Wicken Fen, a wave -badkeswept
through theFrangula carr in the 1980s, and a large proportion of HErangula carr
standing on all parts of the Fen became dead wood; also, in the 1990s, fire was a frequer
occurrence in the dead, dry shrubs. This could be the major cause of a decrease in the te
vegetation canopy i n Wi ckteperfod 1985 toel89p;,andi a
provides a likely interpretation of the high annual change rate observed in decreasing

tree/shrub cover during this period.

The second significant, though lower, annual change rate, over the period 2003 to 2009 o
1.48%, is most likely due to the active woodland and carr removal management
programme underway during this period, rather than to natural change. Part of the carr ir
Sedge Fen was removed for subsequent management operations, and evidence of rece
clearance activies was personally observed during ground truth fieldwork in 2010.
Mountford et al., (2012) noted that there is some evidence that fen herbaceous vegetatiol

was reestablishing on Verrall's Fen, where carr had been cleared.

Overall classification accucg obtained using aerial photography from 2009 for two and
five classes (90% and 80% respectively) indicates that, through the classification method
developed in this study, it was generally possible to correctly distinguish map classes for
Wicken Fen (se&able 3.26).

In Study Area 2, an interpretation of the orthophotographs in thee&d period between

1988 to 2009 for Caerlaverock Reserve, using ArcMap GIS, also showed changes in the
total vegetation cover (trees/shrubs versus open herbaceous meadowaltmarsh
vegetation) over the study period. Based on the morphometric measurements made fror
the orthophotography interpretation obtained from the delineation of total tall vegetation
cover of Caerlaverock Reserve using ArcGIS, the annual changm rstteub cover was
0.009% (i.e. only a slight decrease), while tree cover increased annually by 1.3%from 1985
to 2009. This slight decrease in shrub cover might be a result of grazing of shrubs locatec

in the grazing zone (grazing damage, by cows any Sbeep was personally observed
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during ground truth field work in 2011), while the percentage increase in the cover of trees
IS a result of the growth of trees over twenty one years.

Aerial photography and orthophotography are often used for delineatiometlands
(Barrette et al., 20000verall, approaches utilising aerial photography interpretation are
still the most common technique (Lewis and Phinn, 2011).

Overall classification accuracy from aerial photography of 2009, for two and five classes
(92% and 83.3% respectively) indicates that, through the classification method developed
in this work, it was generally possible to correctly distinguish map classes for the

Caerlaverock study area (see Table 4.26).

5.1.2 Landsat TM Image Interpretation

The Landat TM image used in this study had ar36ter pixel resolution, and was able to
support an MMU closer to 0.1 hectares. The most important factor in distinguishing cover
classes in the target area of study is the spatial resolution of the sensor. Lavidsat T
provided a good class separation when one class covers more than the pixel size (30x30 n
in the TM image.

In study Area 1, Wicken Fen, the Landsat TM images were classified using two methods:
unsupervised and supervised. The results obtained frordska TM image analysis for
1984, using unsupervised classification, show good results using six land cover classes. |
the six classes output map from unsupervised classification of Landsat TM image analysis
for 2009, the method succeeded in showing sonaage when visually compared with the
output map for 1984, with the result being fairly similar to those obtained from analysis of

aerial photography.

Supervised classification achieves good separation of classes (Soliman and Soussa, 2011
and often ields maps with higher accuracy (Johnston and Barson 1B88gnding on the
results obtained from supervised classificatimaximumlikelihood classification(MLC)

showed better results when compared with unsupervised classification for distinguishing
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Wicken Fen vegetation classes, and the best classification accuracy was achieved using
two classes supervised classification for both the 1984 and 2009 images (Table 3.27)
Suyoervised classification is depenoh the user definitionfor training areas aeral
photography, Ordnance Survey maps, and field work grouwhling; all proved useful

here as a guide for the selection of vegetation classes in a supervised classification.

The results from scattergrams of supervised classification for all land classes of
LandsatTM images in 1984 and 2009 at Wicken Fen showed no overlap between the lanc
cover classes; which indicates that the supervised classification has clearly determinec
land cover classes, and successfully avoided including pixels of aousigclass (or

, mi xel s* ).

The results obtained from using ArcMap (v 10.1) for the detection of change in vegetation
at Wicken Fen showed that the total cover of trees and shrubs decreased by 65.6% betwes
1984 and 2009, and more than half of the pergenthange in the total cover is change to
wet grassland. Overall classification accuracy from two classes using a supervised
classification of the LandsatTM images for 1984 and 2009 wés {&able 3.27). A
comparison of the overall accuracy was conduatefind out which method(s) provided
good results. It was found that supervised classification produces more accurate result:
than unsupervised classification for two classes in Wicken Fen. Alrababah and Alhamad
(2006) found that supervised classificatioarked better than unsupervised classification;
also, Mohd Hasmadi et al (2009) found that supervised classification appears more
accurate than unsupervised classification for land cover mapping. The same result wa:

found in Wicken Fen.

In Study Area 2 Carlaverock Reserve, the results obtained from Landsat TM image
analysis for 1988 imagery using unsupervised classification show an unsatisfactory resull
using six land cover classes, but a good result from two land cover classes. The result
from an unsupwised classification (two classes) of the Landsat TM images for 1988 and
2009 at Caerlaverock Reserve showed a good result, and the classification had an overa
accuracy for the two years of 81.2% and 79%, respectively. In the six classes unsupervise

classification the result was worse, overall accuracy in this study being only 10.4% and
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43.7% respectively. A limitation of this method is that the classes are produced based or
the natural groupings of the spectral properties of the pixels, selecteel teyrtbte sensing

software, which may not correspond to the actual features of the vegetation.

Overall classification accuracy for the two classes supervised analysis of the Landsat TM
images for 1988 and 200@as 786 and 52% respectively (Table 4.27)Visual
comparison of the outcome map of 1988 and 2009 for the Caerlaverock Reserve
supervised classification showed that there was some difference between two images. Thi
is most likely due to the timings of the captured images: in 1988, the image wazdat

high tide, while in 2009 the image was captured at low tide.

A comparison of the overall accuracy was conducted to find out which method provided
better results. Based on the results shown in Table 4.27, it was found that an unsupervise
classifcation produced more accurate results than supervised classification for two classes
in Caerlaverock Reservén this it case mightbe that thesupervised classificatiohas
includedin the training eeas some grassethat were mapped as shrubs in ti@S map
(1:10000 scale) for 2009. Or because the reflectifotysome grasses from the rough
grazing area isery similar to the shrutsorse and probably when selectitigiining area

for the TM image of 1988ising aerial photography as a gusisme graswas includedas
shrubs.Thus for the outcome map of five classes using a supervised classificéten
cover of shrubs is greater than realfty the same year, and some grass may share
reflectivity with shrubs. Fothesereasos, when calculatinghe chage in the coveusing

the resultdrom unsupervised classificatias better than supervised classification in two
classesConsidering others working similarly, Rozenstein and Karnieli (2011) found that
an unsupervised classification produced more ateunesults than supervised
classification for land use classification for the northern Negéule Cawkwell et al
(2007)working in similar areato Caerlaverockin N England and Walesgported that an
unsupervised classification using six classesdaibedistinguish the small areashfncus

and grassland in a saltmarsh habitat.

The most important problem facing the researcher in the application of remote sensing to ¢

wetland environment, when using supervised classificatoght be considered toe the
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issue of overlapping classes wheslecting theraining area, which leads to inaccurate
results in the study area. The obtained results from scattergrams of supervised
classification for all land cover classes of the Landsat TM image in 1988 andddtal M

image in 2009 showed no overlap between the land cover classes, which means that th
digitised training areas were not including pixel classes other than the intended pixel

classes.

The results from the detection of change in vegetation usiobl&y (v 10.1) showed that

the cover, in trees, between 1988 and 2009 decreased by 50% and in shrubs by 87% (Tab
4.11) this result is unlikely to be true. However, the supervised classification included
somegrass overed areas as 208% perhdps Becausa thet réflectedn a
wavelengths for some grasses from the rough grazing area are similar to the reflectec
wavelengths for the shrub Gorddléx europaeus For this reason, the resulting map of
supervised classification showed the shrolbec of to be greater than in reality, when
compared with aerial photographs of the same year. In addition, some wet grassland wa
recorded as “shrubs” in the map for 1988
fact that trees and shrubs coveredaaea less than a pixel size in the Landsat TM image,
and, probably, the selected training area for the TM image of 1988 included some grass
with the same colour as shrubs. However, the scattergrams of supervised classificatior
showed reasonable separatior all five identified land cover classes of the Landsat TM
image in 1988 and 2009 for Caerlaverock Reserve.

5.1.3 Ground Reference Data Analysis

In Wicken Fen, TWINSPAN classification showed that the samples divided into four
groups, delineated by eigeaalues with high values (>0.500). TWINSPAN classification
showed that sampigroup 1, the largest TWINSPAN grougnd containedjuadrats from

all transects examined at the site. The indicator of group 2 was Cardamine hirsuta (hairy
bittercress), which hathe highest level of similarity to a recognised NVC type: M28b.
However, statistical analyses showed that shade % had a significant difference betweel
group means 2 and group 4, as well as in height, suggesting that quadrats position group
samples beindargely located under tree/shrub overstorey vegetation, while group 4
samples were much more opeagardles®f on which transect they occurred (transects

were placed to run through several habitat conditions, e.g. wet to dry, open to woodland).
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In Caerhverock Reserve, TWINSPAN classification divided the samples into five groups,
again delineated by eigenvalues with a high value (>0.500), and showed thatgeoaple

4, the largest TWINSPAN group, contained quadrats representing all transects examined &
the site (as at Wicken, most transects were run across a range of conditions, in this cas
from land to seaward conditions), and had the highest level of similarity to a recognised
NVC type: MG12b. Salicornia europaea (glasswort) was an indicator spéaesup 5,

which has the highest level of similarity to a recognised NVC type: SM13d; this
community is the most widespread and extensive perennial community on the lower salt
marsh (Rodwell 2000). This group has the highest average mean conductivitlyeand
shortest average mean vegetation height. However, statistical analyses showed a significal
difference in soil conductivity between a group mean in group 1 and group 5, as well as in
mean height. Depending on t h easthd higkestimean g "
for salt tolerance, moisture, and light, which means that these species are adapted to live i
high levels of salt and in submerged or saturated soil water, and are light loving. In

contrast, group 1 has the lowest mean for salt teteramoisture, and light preference.

5.2 General Comparison of Survey Approaches

Comparison of aerial photography and Landsat TM imagery classifications allowed
assessment of the time taken, and which method provided a good result for mapping
compared witHfieldwork survey. In the aerial photos, especially in large areas, more time
is required to collect the photos into a single image; this process requires several steps, ar
is sometimes not easy to implement (e.g. control points, clips), but these steps a
necessary to get a mosaic of high quality for the entire study area. While Landsat TM
images usually cover a large region (in this study, much greater than the study area), an
there is a need to subset the chosen area (study area), this does naictakiens and is

easy to undertake.

The comparisons via error matricelsetween aerial photography of 2009 and fieldwork of
2010 Wicken Fen, and aerial photography of 2009 and fieldwork of 2011 Caerlaverock
Reserve, are performed under the assumptidrthibee will have been little change during

the two dates, and the error analysis serves to confirm that aerial photography is a worth)
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substitute for field work, which is long established amongst aerial photo interpreters: e.g.
Mosbech and Hansen (1994).

In Wicken Fen, overall classification accuracy for vegetation classes produced from aerial
photography in 2009 (Table 3.26), was compared with overall accuracies obtained for
vegetation classes from Landsat TM 1984 and 2009 (Table 3.27). As well,riav@aack
Reserve, overall accuracies for vegetation classes from Landsat TM image 1988 and 200!
(Table 4.27) were compared with the overall accuracy obtained from vegetation classes
from aerial photographs 2009 (Table 4.26). The obtained result from deons of
overall classification accuracies showed that the aerial photographs had a better overal
accuracy because, it is suggested, they have a higher spathltion tharthe Landsat

TM image, and in Caerlaverock Reserve, it is suggested thateag eovered, especially

by shrubs, were less than the pixel size in a TM image. Hence, there were unsatisfacton

results here, and low overall accuracy.

There are two restrictions when attempting to distinguish between vegetation types in
satellite imagesThe first is that it is almost always difficult to map the vegetation class if
its coverage is less than the pixel size of the TM images. The second is that distinguishinc

vegetation classes is not possible if there is no difference in the reflectdengghs.

Comparisons of Landsat TM images and aerial photograph classification illustrated that at
a structural level of two and five classes, Landddt does not facilitate a significantly
higher level of mapping accuracy. However, there is no dispute that Landsat TM imagery
allows for far more detailed classification than merely five classes. Generally, it has the
advantage when mapping large areasabse it is fast, objective and less expensive, e.g.
Mansur and Rotherham (2010) state that Landsat TM gave a good result for determinatior
of land cover/land use changes in the Libyarablal Alakhdar region. Also, Esam et al
(2012) reported that Lands@iM imagery provided good accuracy for quantifying land
cover changes, and very useful information for natural resources management of the Wes
Tahta Region, Sohage Governorate, Upper Egypt, but it still lacks the spatial resolution to
map all important coer classes, especially in small areas, where the class area covered les:
than the pixel size in the TM image. Finally, itght be worth noting that usuabsts
increase roughly in proportion to increases in mapping resolution (Lunetta and Balogh
1999).
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Chapter 6- Conclusion & Recommendations
6

6.1 Conclusions

Wet |l ands are amongst the Earth®s most pr ¢
resource of considerable scientific value because they are associated with high biological
diversity. Also they povide important ecological functions and values, such as habitat for
flora and fauna species, biodiversity (Mitsch and Gosselink 1993), ground water recharge,
flood mitigation, and regulation of pollutants and water. Recently, wetlands have been
under inceasing pressure from anthropogenic activities, including conversion to intensive
agricultural use and to other industrial and residential uses. Detection and assessing
changes in wetland vegetation over time is hence important for both natural resources

management and ecological research (Zaman et al., 2011).

In the UK, wetlands are an important part of the landscape, covering almost 10% of the
terrestrial land area (Dawson et al., 2003), e.g. Wicken Fen in England; Insh Marshes in
Scotland. Traditional field investigation methods are often inadequate to achieve the
detection of changes in vegetation for these ecosystems in a timely manner. Using remote
sensing and GIS techniques will allow us to detect changes in these ecosystehighwi
accuracy and in a timely manner, and also can provide valuable information to aid the

management and conservation of wetland habitat.

Wetland degradation in arid, seanid and subhumid areas is strongly affected by human
activities (e.g. grazipand planting crops); the application of remote sensing techniques
provides accurate and timely information for mapping and monitoring vegetation cover in
threatened systems. In Libya, Farwa Lagoon is an example of important coastal wetlands
(Pergent etla 2002); these are sensitive ecological systems and provide many valuable
ecosystem services e.g. for tourism, recreation and fishing. Vegetation is an important
component of wetland ecosystems and it also serves as an excellent indicator of early sign
of any physical or chemical degradation of the land, so application of remote sensing and
GIS to these ecosystems will help in the detection of change that has happened in these
habitats.
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Several oases in Libya, for example the Al Jufrah Oases, holdndrenportanplants,

and provide a natural shelter for many animals. It is difficult to monitor these systems by
conventional methods such as field survey. The application of remote sensing techniques
for monitoring and change detection in these edesys, which is essential to warn of
potential collapse of these vulnerable ecosystems, can hence provide valuable information
to aid the management and conservation of these habitats.

Data from Earth Observation satellites has become important in mdppingg Ear t h " s
features and infrastructures, managing natural resources, and studying environmental
change. The use of Remote Sensing (RS) and Geographic Information System (GIS)
approaches, combined with ground truthing where appropriate, are now praaeing

tools for advanced ecosystem management, and assessment of change at local, regional,
and global scales, over time.

Since this research started object oriented classification as supported by Definiens ant
open source GIS software (e.g. QGIS) haveobex available, there are useful uses to
which these systems could be put, with

need of further investigation.

This study researched vegetation changes in two contrasting wetland sites in the UK: &
freshwater wetland at Wicken Fen between 1984 and 2009, and saltmarsh wetland betweel
1988 and 2009 in Caerlaverock Reserve. The study provides the first assessment usin
remote sensing (Landsat TM and aerial photographs) and GIS, combined with ground
truth, toassess wetland vegetation change over time at these locations. The study clearl
showed the ability of the RS/GIS approach, using both satellite imagery and aerial
photography, to detect spatial and temporal variation in two quite different wetland

vegetaibn types, both provided valuable information and can aid in management and

conservation.

The study found that differemypes of imageryproduced classification results of varying
degrees of accuracy for wetland vegetation assessment. Aerial photodeaiorne
platforms) provided higher accuracy than Landsat TM images (satelliteborne platforms),

and the results obtained here serve to confirm that aerial photography is a worthy substitut
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for field work, which is long established amongst photo inttgus, because the aerial
photos have a higher spatial resolution than Landsat TM images. It might be worth noting
that satellite imagery is now widely applied, because medium resolution datasets are free
of charge (for example using GLOVIS) and availablerldwide (von Wehrden et al.,
2009), whereas there are usually costs attached to obtaining aerial imagery. Direct
comparison between the outcome of maps obtained from Wicken Fen (study area 1)
showed that Landsat TM images provided a fairly good separeficlasses, when one
class occupied an area more extensive than the pixel size (30x30 m) in the TM image. Ir
this case, the spatial resolution of the Landsat TM sensor was the most important factor ir
obtaining a good separation of vegetation classea wdland environment. (Ground
referencedata is important in both the interpretation of the aerial photography, and in the
selection of training areas for the interpretation of the Landsat TM images, so the process

can never be entirely remote.)

Satellie image (TM) information extraction was carried out using unsupervised and
supervised classification to produce wetland cover classes in two study areas. Supervise
classification did not provide a good result in Caerlaverock Resmmdethiscan be
attributed to the resolution of Landsat TM imageth it not being possible to locate
clearly small vegetation patches in the imagbere were also problems in separating
vegetation classes larger than the pixel size (30m x30m), such as waterlogged sal, and w
grassland, (especially in selecting a training area) due to the difficulty of distinguishing
between classes producing similar colours of the reflection, leading to them being coded

with the same colour in the Landsat TM image.

According to TWINSPA classification (halting the analysis at end groups produced by
reasonably high separation eigenvalues:>0.500) in Wicken Fen, the samples from 4C
quadrats were classified into four groups, while the data from 48 quadrats were divided
into five groups inCaerlaverock Reserve. However, statistical analyses in Wicken Fen
showed that shade % had a significant difference between group means 2 and group 4, ¢
well as in height, suggesting that quadrats in group 2 samples were largely located unde

tree/shrub ogrstorey vegetation, while group 4 samples were much more open.
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In Caerlaverock Reserve study area 2, statistical analyses showed that soil conductivity ha
a significant difference between a group meangroup 1 and group 5, as well as in mean
height Il n addition, depending on the EIIl ent
mean for salt tolerance, moisture and light, while group 1 has the lowest mean for salt
tolerance, moisture and light. These outcomes suggest that the -gnatinaly execise

was picking up vegetation classes which reflected real environmental variation across the
two sites, and which formed a real basis for the classifications detected by the RS/GIS

approach.

Finally, perhaps the most important conclusion of this stadyat it provides evidence

that the RS/GIS approach can provide useful baseline data to monitor wetland vegetatior
change over time, and across quite expansive areas, which can therefore provide valuabl
information to aid the management and conservaifometland habitats. Both the results
obtained from aerial photographs and Landsat TM showed a change in vegetation during
the period 1984 to 2009 at Wicken Fen, most likely, though not exclusively, due to active
management. In contrast, in Caerlaoir Reserve, results indicated only a slight change

in the vegetation cover (mainly in shrub vegetation) during the period 1988 to 2009, a
result which is in line with the findings of other studies about the stability of saltmarsh
communities (e.g. the rent study by Taubert and Murphy (2012), which found a high

level of stability in Scottish saltmarsh plant communities over ade@ade period)

In Libya which is located in serairid region, many wetlands are threatened due to natural
conditions (drougt) e.g. Al Jufrah Oases, and/or abuse from human activities e.g. Farwa
Lagoon. It is difficult to monitor these systems by conventional methods such as field
survey, using remote sensing techniques and geographic information systems will allow us
to detectthe change that occurs in the vegetation in the wetlands as a result of such
impacts, and assist corresponding effective protection and utilization measures, as well a:
helping provide the scientific basis for the restoration of wetland resources and

consrvation.
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6.2

Limitations and recommendations

Some limitations noted in this study should be mentioned:

1-

When creating a mosaic of aerial photographs, it is sometimes difficult to find good
control points from the original map (1:10,000 Ordnance Survey) Magome
areas. Choosing control points which do not correspond with the image will
provide a high error rate. R#oosing the control points to obtain suitable points
with an error of less than one pixel, to produce an acceptably good mosaic of the
entire area is time consuming, and this problem will directly increase in proportion

to the increasing size of the study area.

During selection of training areas on Landsat TM images:

- It is difficult to map a training ared a class size is less tha pixel size of the
Landsat TM images.
- Distinguishing vegetation classes is not possible if there is no difference in the

reflected wavelength of vegetation types involved.

To overcome this problem, several researchers Haveloped andised in ther
studies subpixel classification approaches that consider variations within pixels to
overcome the mixed pixel problem awthich aim to detect materials smaller than
one pxel (Wang and Lang, 2009) or suppréks limitations of coarse resolution
imagey (Verbeiren et al., 2008).

A recommendation for further work arising from this study is as follows: This
study used RS imagery collected at fairly low spatial resolution by manned aircraft
photography, and satellite imagery. It would be of consideiatdeest to compare

the outcome of the assessments of vegetation variation at both Wicken and
Caerlaverock, undertaken here, with imagery captured by photography using
unmanned aerial vehicles (UAVS) which can fly much lower, and acquire remote
data moreapidly and at lower cost than traditional aerial photographs, at very high

spatial resolutions.
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Appendices

Appendix 1: Instructions for production of Orthophoto using BAE
SYSTEMS SOCET SET (v5.6)

Login as , woridkgshe falowingn onl y ", us

User nameSHTOPO
Password:topoontour

Start the Socet Set software by clicking on the green icon on the desktop.

Several windows open towards the left side of the screen (quite slow!).

1. The first step is to CREATE A NEW PROJECT

From the menus select :

Project>Create/Edit Project - a dialogue box will appear at the right side of the screen

We want to create a new project so sefdlei>New. The dialogue box will refresh (ignore
warning box if it appears).

Project path F\userashtopddataJED (use your
initials not JED!)
Options/select datum
Ordnance_Survey_of Great Britain_1936(Scotland)

... . way down the [|ist!
Units metres
Co-ordinate system LSR local
Vertical reference MSL (mean sea level) / EGM96
Minimum ground elevation (estimated) O
Maximum ground elevation (estimated) 500
LOCATION DEFAULT
Options/LSR Origin Lat 49:00:00 and Long2:00:00 Rotation 0
(This is the origin of the National Grid in latitude
and longitude values, and its taiion with

respect to the meridian direction)
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i_!Create / Edit Project

Lat/Lon Format: | DDMM:SS x| Unis: | Meters x|

Verttical Reference: @ Elipsoid

~ MSL |ge0|d95 ~]

Mirirnum Ground Elevation [extimated) IEUEI
Maximum Ground Elevation [estimated) |2UE[]

Location: [DEFALLT [

‘Welcome to Cieate/E dit Project. Modifying projects j

currently in use by other stations is not advised.
Please enter the atributes for a new project
of load an existing project for editing ;I

Vi

File Options Help —
Project: Juntitied

Fioject Path Jur\geosetidata

Datum: Jwas_s4 |
Coordinate System: I Select Coordinate Spstem ﬂ

P> File>save as - JED -OK
Message appears Project JED.prj createc

File>Exit (confirm wi't
project modification in a subsidiary
window—if it appear$

Enter Project Name (in subsidiary
window) JED- OK

File>Load projectselectJED.prj (in
subsidiary window)

OK

2. IMPORTING DATA INTO THE NEW PROJECT

From the menus which appear along the top of the project box select:

Preparation>Import>Image>Frame (

=131

_#Frame Import <harbor_demo

File Options Help

—Input Imag

1_10vit_1024
110wt 125

Add...

—Output Image(s)
i Support File Only

" Image and Support File

Loation: Iharbur_jemu_N TR J
Image Farmat: | TIFF Tilzd vl JPEG Guality: (90

—Import Setting:
Camera Calibratior: Idefaull.cam J

™ Digital camera
™ Apply atmospheric refraction comection

I~ Apply underweter refraction carrection
Review/Edit Settings.. |

Select input image(z].

Start AL

#

Autornatic Interior Qrientation Start

t he Fr ame | rappears}

> SelectFile > openand navigate to the images to be

imported.

Select each to be imported and cl@REN, usingright
click andADD in the Input Images space, for further
images.

In the dialogue box belo (Output Image(s)), select
Image and Support File

Selectimage FormatasVITEC(but TIFF is fine!)

In thelmport Settings section select the correct Camera

calibration file(Balmacara05.cam)and clickOPEN

[Cacrem i sctimg —————— =l
e Tl |
i | T T 3 G B [Fagpamich |
1 Mo | | 1 \m_ m_ M___E ﬂﬂ_ I'.F_
i man | | ] e Gl 0 [T ag o
H
r
I
HusiFeom .| G A
i
:

Only applyatmosphericand water refraction correction if necessary.

In theReview/Edit Settingsdialogue box complete the section for:

Camera Position/Orientation by adding the approximate -@wdinates for the Centre of
each photo and add the approximate flying height foh eaage— to give approximate
values for the camera positicddLOSE
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In the Frame Import window Options menu choose to create minification&ufo

Minify ) and then clickSTART. This takes several seconds and includes the minification
process.

Once the proess has completed select: File>EXxit
3.TO DISPLAY THE IMAGE S
Make sure that split screen is selected

File>Load images
Image Loaderwindow appears

Select 710_0123.sup (as LH image)
Select 710_0124.sup (as RH image)
Load

(SelectCloseto pu the Image Loader window away)
4.STAGES OF ORIENTATION
a) Interior Orientation

From the main menu- Preparation>Interior Orientation/Manual Interior
Orientation

¢_#Interior Orientation <wsmith_sda.prj= = | DIE’
File Help
Irfjlmage I‘I_'I3.sl.p J
~oint Average Average Residualz | Residuals
X{mm) Vi) Line Sample Line Sample Use?
1 1100020 110006, 4430898 -4352 602 0239

2 102934 42771.E0E 1407.E14
-109.988 109.937| 4343336 -4373.347
4 109352 -110.006[ 4403017 4428 805

Locate This chidl Locate Al F:ducidsl Sample | Accept Sunpbl Calculate

kit

ix!
Cunent Point |2 AMs [ o4s Solve Type [ 4 Parameters s

R

CALED ﬂ
Starting Automatic Fiducial Measurement.
Loaded auto_fid_cent tstrat.

Please verify fiducial locations.
Starting Automatic Fiducial Measurement.
-

Better to have

Loaded auto_fid_cent. tstiat.
Fleasze verify fiducial locations.

Click File>Open
*** Select image 710_0123.sup OPEN
Theabove dialogue box will appear; the view should be changstbtm.

-The cursor will move to the approximate position of the first fiducial.
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-Locate this fiducial (screen cursor should automatically centre over the centre of the
fiducial cross—aslog as i1t was , wi t-lndif this doésenot Wwarkd u c
then do position the screen cursor within the fiducial mark manually using the Extraction
cursor/3D cursor) Position the mark exactly using the Extraction cursor.

-Samplethe point andAccept sample

-Next Point - (the cursor will move to the approx position of the second point)

-Locate this fiducial (repeat as before)

-Accept sample(once you are satisfied that you have the best position)

-Repeat the above steps for each of the fiduensddable.

-Once all fiducials have been measured and the RMS value is acceptable (in the case c
Balmacara less than 1)

-File>save

-Repeat from *** above for the right hand imagd0_0124.supmnd exit, saving points
and solution.

-File>exit

b) Preparation for exterior orientation: creating a Ground Point File

Selecti Preparation>Control point editor
A new dialogue box (Control Point Editor) appears

4_% Control Point Editor <jrs.prj>

Fil:  Help

Point I

Type

Use

1
2
3

LOCH_ROCK
CARAVAN

I Cnl v
WYE el v

AIRSTRIP_MAMHOLE _COVER

| ~

Add

‘Welcome ko Contral Point Editar,

Ground File: | irs.opf E]

Gystem: | *current_projsct E] B [OGB-C]_ORDNANCIM
N ® Datumselect OS GB ... OK
Find Point: Exact Match @ @ Elev (MSL)

**Right click in the box below Point ID
and choose Add

Add the following information

Delete
—— Point ID type name of point
Coordinates XJ‘Longuss?g.gss " B326E64,323 i 22,382 PT type SeleCt - X,y,Z
Accuracy 0.020 0.020 0.050 Use select— ON (t|ck)
X/Long type easting value
X/Long accuracy type relevant
[ pran parts accuracy from GPS result sheet eg 0.02

Y/Lat
Y/Lat - accuracy

type northing value
type relevant

accuracy from GPS result sheet e@0.

Z/Elev

Z/Elev - accuracy

type height value
type relevant

accuracy from GPS result sheet eg 0.05

Repeat from ** for the remaining control points in the model.

When all points have been added File>Save as JED.gpf

File exit
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C) Solving for the exterior orientation elements

Select- Preparation>Multi -Sensor Triangulation

£ B F Load a project file
Triangulation file: FmExmaj J
T
Senp JE
mmw[ I The triangulation file (JED.atf) 15 created.
Interactive Point Measurement I . Setup =jrs.aif =
| Select — Setup from the dialogue 0
= . Advanced. .. Ground Point File:
BindsDctesion | | the new Setup window opens n
de. l I Auto Populate Setup B Exterior Init
Skrips
Scive Bingo I I Strip Use | Kappa
1 1[¥]
Headngmage Jol stip T Hemarc 1 &) <
Readng mage 4 of stip 1 Remain: 0
Triangulation file vias successfully read j
v
A Reverse Order] [ Add... ] [ Remove
Images
Suppart File Use Sensor
1 710_0123.sup FRAMEADYANCED
2 |710_0124.5up FRAMEADYANCED
[Reverse Order] l Add. . I [ Remove ] [Image Data... ]

Check that the corre@round Point File is showing in the first window.

In the section heade®TRIPS, selectAdd and typel in the dialogue box which appears
(as we only have a pair of photos)

Click OK

From the window $elect Support File$ which opens with the images, select the correct
images (710_123.sup, 710 _124.su)ck OK.

Click the button foExterior Initialise and accept any warnings which appear.
Click OK.
The window returns to th&utomated Triangulation window.

Next Select- Interactive Point Measurement
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Interactive Point Measurement

This stage involves measuring the photeocdinates ér each of the ground control points.
** Highlight the first point to be measured in the point list.

Right click in the box under Image Points attl the 2 images

Make sure the correct image is on tteft. On the main window select zoom of 1:32 or
1:64 to enable the whole model to be shown and display both images with the split screen.

Find the approximate position of the first control point on each photo using paper prints
and control point diagrams to assist.

¥ Interactive Point Measurement [IPM)

Next using théextraction cursor as

demonstrated, along with the FoInELst: & pornts
LOCKING of images alternately, Find Point: Exact Match (&)
position the cursor as accurately as Poirt 1D Type &
. . 1 el e AT LOCE] »
possible at maximum zoom over the o CARAVAN e
ground control point in each photo 3 AIRSTRIP_MANHOLE_COVER Wzt v
4 |SCHOOL_FEMCE_CORMER WZ Nt v [
< >
¥/Long WiLak z
Coordinates 179457.527 832991.914 29.189
Accuracy 0.020 0.0z0 0.050
Image Poinks
Image ID Master | Lock  Measured
1 | Fl0_0123 L O
P 7 10_0124 _ _
< >
Auto Two ] l Sample ] [ Auko Al ]
l Settings... ] [ Save ] [ Close l

Check the position stereoscoplgab achieve the best position on each image.

Once satisfied that no improvement can be made select SAMPLE from the menu and
repeat from ** for the remainder of the control points.

SAVE
CLOSE
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From the SETUP menu select SOLVE

MMIW

In the window which appears, click start and wait until the calculations

have been completed. Examine the residuals and EMS walues to ensure
s KN they are acceptable. If not, then re-measure points as appropriate.
Shodfa: [ 0 . . . .
b — (If you require to re-measure points, then do not save the solution until
RODT HEAH STAARE [ANS) vou are happy with the results — so answer IO to the question about
roelae [ oo saving|l)
Hulmg [ om ’
Vel [ om
Zuter [ om Click - CLOSE
Fh-.nhih-..":r Ragexl... - . . .
m— [ File=Save Triangulation File
[ s | aws || File=Exit
swe |[om || The Orientation phase has now been completed and the images should be

teloaded with the Image Load function in their correct position with
respect to each other.

5. NORMALISATION (Rectification)

Preparation>Resample>Rectification>Pairwise

a2 Pait wise Rkl . =lgix] )
Bl cptions bt P File=Select Left support File 710 0123.zup  Click
Inberpetpies Wofwd: [ Bfinzar |
LMo | 11 = File=Select Right support file T10 0124 :up Click
Aighi Miricaiery. [ 11 ¥
o |EDD E Interpolation method Eilinear
Foition2rgee [+000000
Lies Sancies Left minification 11
Hp poews b ot
o 85| | Right minification 11
Lt gt Fighl Irgnd g Relative orientation epipolar
[2t0ap R |
~Outibrage Ot e )
Lesatse[o v ] | || [ LocoiesFimapes 1 5] Rotation angle 0.0
Mo [2300 [ T
= {31ince the whole image 15 going to be rectified, there is
Eieed v miseng supporl e, load manualy. .
Sel e and pgs STAT no need to specify the area.)
st | smia Check that the correct names will be created for your
A new files —1e 710 0123 1eup and 710 0124 r sup. This

means there will be a new version of each image created
with the effects of tilts removed when 123 15 the left
hand image and 124 15 the right hand image,

Zelect Options=Autominify - ON

Select - START
This takes a few minutes and once complete select File/Exit.
There will now be 2 more images available to load - 1 710_0123 Lsup and 710 0123 r.sup.
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6. CREATING THE DTM.
File>Load images (menu as before)
Select images 710 0123 |.sup and 710_0124 r.sup

From the main menu bari Extraction>Terrain>Automatic Extraction

{dAutomatic Terrain Extraction - escondidopri  [RI[=]E3
Eil= Opiors Help

= File> Create DTM

DTk Fiks: Itin_ctm

ATE Method: |&daptive

The Create DTM window appears:

Strateqy File:  |adapt sirat 131
Pazt Spacirg Prrrert Cornplek= I
MeLong: [ 10000 Percart Mozared: [ ¥ Create DT
et I e Pos:s Per Second: I BWe | jiselin (]
Mumber Pogts: ISQQJD Images DTM Properties ATE Properties Seed DTM
Edit Images
#/Lang élet Zilew

A ailable Selected
_ower Lelt | 43434C.0C 3666570.10 233.74

Ippor Right I 49753C.0C JEE2030.00 23374

F10_0123.5up
F10_0123_|sup
Uze Crzat=/Edit Project an madify the Inage Locations list ta ﬂ ;ig_gg:.sup
corect this, i rsup
Cunenilly uzing CEFAULT location.
Gtrzkecy Nle: adaph.strat

Plaacs cokct 2 DTH fia

Starl at ... Shart

N
El
|

[ Save ] [ Save As.. ] [ Close ]

Use the browse button to name (or find) the DTM file, in the new window (Select a

DTM(s)). The name for the new DTM should be added (e.g. jeddsm) or selected. Click
OK:

i Select a DTM(s) [?](X]

DTrs

jrsdtm

jeddsm

QK l [ Cancel




Appendices

205

In Create DTM select DTM properti@nd work through the first three tabs:

7% Create DTM

DTM: | jeddsm E]

Images DTM Properties ATE Properties Seed DTM

Edit Images

Awailable Selected
T10_0123.5up 710_0123_l.sup
710_0124.sup 710_0124_r.sup

[ Save I I Save As... ] [ Close ]

In the first tab, select the two rectified files to be used for image matching.

= -[B]x]
DTM: | jeddsm []

Images DTM Properties ATE Properties Seed DTM
DTM Boundary

*fLong fiLat ZiElev
Lower Left 178378.000 631594.000 29,189
Upper Right 179652.000 §32582.000 29,189
Format: Grid | %Spacing: |2.000

Spacing Units: | Meters | ¥ Spacing: |2.000

Posts; 315810

Define DTM Boundaty

) Use Polygon
Draw Polygon

(%) Use MBR Around Polygon

Use Image Footprints

[ Save ] [ Save As... ] [ Close:

In the second tab, for the post spacing in the DTM select 2 metres for x and y.

To choose the aredDefine DTM boundary) for th®TM selectUse MBR Around

Polygona n d

usingtthal" ,emousa&cti on

cur sor

dr aw

Polygon) for the area to be included in the DTM (red rectangle around green quadrilateral

should appear).
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ik Create DTM

DTM: |jeddsm E]
Images DTM Properties ATE Properties Seed DTM

Automatic Terrain Extraction (ATE)

() Adaptive

O Mon-Adaptive ATE | ATE Strategies..

Maximum Mumber Image Pairs Per Post: |1

[] Back Matching

DT Filkers
[ Elminate Trees Guildings/Other

Minimurn Height:

TMasimurn Widkh:
Smoothing: Mediurm £
Frecisian: v
TIM Breaklines:  |Mone ~
TIMN Masspoints: Mo Thinning 4

[ Save ][Save As.., ] [ Close ]

In the third tab fronfCREATE DTM, i n ATE properties:

Select adaptive
Select smoothing- medium
precision - medium
SAVE
START (in Automatic Terrain Extraction window)

This process takes several minutes depending on the spacing of the points chosen and the
size of the area chosenalso involves 7 passes, during which the image matching (and
hence DTM quality) is refined.

Once the process is complete, there will be a message which states

Saving DTM after last passthenDTM collection complete

File>Exit
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7.TO DISPLAY THE DTM DATA

File>Load images as before
Select the rectified image support files eg 016 _|.sup and 017_r.sup

Extraction/Terrain>Interactive Edit (Interactive Terrain Edit Window appears)

File>open DTM
The 6Select a DTM(s)6 window appears

Select (e.g.) jedsm OK

ﬁ;i‘grid - Interactive Terrain Edik - |EI|£|

Fil= aptinns  Help

D@ B/ Llas 6B8
|y oy S S =

Terain file lnaded
Terrain file lnaded
Toggle cursor and delineate a polygon [l mouse button).

Accept polvgon [right mouse button] to4tart the area tool, ;I

B

Choose SetUpDTMbut t on and from the ,Preference:

Mode Editable contours
Line style solid

Graphics width thin

Rendering quick

Contour interval 1

Index interval 50

x-steps off set 10

y-steps offset 10

Colour surce Elevation (click Edit Ranges to ensure the correct values are
available)

Apply

OK

From the Interactive Terrain Edit menu
select DRAW terrain graphics (a pencil symbol!)

The images will display with contours overlaid. (These contours canriteadly
exported but the DTM can be exported for use in a Terrain modelling package such as 3D
Analyst in ArcView or Vertical Mapper in Mapinfo.)

(You might care to inspect these contours under magnification and in stenebeware
forestareasarequt e conf using...)

File>Exit
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8. ORTHOPHOTO PRODUCTION

Products>Orthophoto generation
A new window appears with various sections to be completed.

On the first screen/tabs e | ect , Ort hophot o

On the second (input) screemthe Primary image should be satatfrom the pair of
photos. Choose the rectified image which you think will be clearer to Digitise.

At the right hand side of the screeri choose to get height from the DTM and enter
the file name for your own DTM.

On the third (output) screen the aredo be converted to the Orthophoto is selected. In
the calculate box Primary Image drop down menu, choose the DTM as the area for the
Orthophoto and click the ,UPDATE" button.

In Output Options:

Name: e.g. JED_0123 ortho

Output file format select Tif (this means it can be used directly in other
packages eg ArcGIS etc

GSD (ground separation distance) 1

On theOptions screen complete as instructed :

Eg Gridlines?

Select grid spacing 200 or 500 or 1000?

Select grid grey 254 (for white lines) or for black lines

CreateWORLD file? Do this if you intend taking the orthophoto into ArcGIS. This
step creates a .tfw file to allow the image to be added directly

to

ARCGIS

Options/Auto minify (ensure this is selected)

Start (the process begins and agatakes a few minutes)

Once the orthophoto has been produced, it is possible to create a stereomate to enable the
orthophoto to be viewed stereoscopicaRgpeat the process abover creating an

orthophoto but this time select

Options/Stereomate

Select base to height ratio 1
Select Left mate
OK

and give a suitable (but different) name to the image to be creaedayate.
(NB Do not choose to make grid lines this time)

File/EXIT



Appendices 209

9. EXPORTING DTM TO MAPINFO/ARCVIEW

To export DTM files i in ARC Grid format
From the Output menu select Output/File Export/Terrain/Arc Grid

The ASCII ArcGrid Export dialogue window appears.

Select the input DTM file,
Grid spacing,

Output file name

Start

To export the orthophoto to ArcMAP ensure you have producedhe tfw file and the
tif file as mentioned in the previous section (8).

10. ArcGIS

For the orthophoto:

In ArcGIS use ADD with the TIF file (the orthophoto) (in ArcMap) to bring it into
ArcMAP. (PLEASE NOTE the .TFW file must be in exactly the same thrgas the .TIF
file or the coordinates revert to pixel coordinates.)

For the DTM:

Change the extension for the DTM file from .OUT to .ASC.

In ArcGIS the DTM file will need to be converted from ASCII to raster, using:
ArcToolbox/Conversion Tools/To RastaSCII to Raster.

(For contouring the DEM us Spatial Analyst/Surface/Contour)

The data are now ready for subsequent GIS editing and processing.

Jane Drummond, Nov. 2012
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Appendix 2: Creating a seven-band image from seven TM bands,
originating as seven separate TIFF files.

Unsupervised Classification
To create a sevelmand image from seven separate TIFF (.tif) bands from a

Landsat TM scene in ER mapper
OBJECTIVE:
The bands we have are:

{:"] L5201024_02420090523_E10
{:;_I L5201024_024200905823_EB20
.':;_I L5201024_024200905823_B30
{:;_I L5201024_024200905823_B40
{:;_I L5201024_024200905823_B50
{f_] L5201024_024200905323_Ba0
"_.:"] L5201024_02420090823_B70

Which are the seven Landsat thematic mappefTM) bands.
This description shows you how to create a sevdrand image from seven TM bands,
originating as seven separate TIFF files

=10l x|

File Edit Wiew Toolbars Process Utilities windows Help

D|E-"|EE|H|I‘-_'I| §| @Q|@l|i:| ||9|

< BE GlEl 2 s = ek al

STEPS:
1. Open ER-mapper

2. Click the Edit AlgorithmASutton

The following algorithm appears:
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ﬁ_nlgurithm =5 5'
Wi Mode: Marmal ¥ i | I~ Feather, r Smoothmgl Cloze |
Description:INn D escription it =

EIEILI »|e|a|s| RalLY /0| |t

E'—* [Ps]: Default Surface ;I Coordinate S_I,lsteml Surfaca‘ Layerl
No Dataset :I

2 ——[hobangs x| B K — Emi H K K

P — ® b o

3. To create seven layeractivate the Pseudo Layer which has appeared and using
reate 7 pseudo layers.

the duplicate button six times,

& Algo.ithm

Wiew Mode; N ormal i "El | I~ [Feather

Snled [ slslale EIE

E—* [Ps]: Diefault Surface LI Coordinate Systeml Surface| La_l,lerl
Mo D ataset

ﬁ—DINDBands j jzﬁ K —’Em% jg‘é w_{ &

The following algorithm appears:

i algorithm

Yiew Mode: Momal 'Ei | I Feather
Drezcription: I Mo Description

%) >|e|a|] 8|8

El—s [Ps]: Default Surface ;I Coordinate Systeml Surface| La_l,Jerl

Mo Datazet

5 —fosrs =1 K — i K

Hé.é.é.é.é.é

4.To load the data into each layer:
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activate the layer,;

click the Load datasetbutton;

select the data set you want in that layer;
click Apply this layer only; and,
click OK.

#5 Algorithm

View Mode: Nomal [ 1) Feather

Description: I No Description

PHSENET

B3 Psk Defaul Surfacs

#5 Raster Dataset =10l x|
History Special View Volumes Directories ECW UR
[
[ 4c7el17114dbecal 8374d8a8335 A 5
53 40 3 W5201024_n2420098823 B2 TIF
[ 4D_Cpclone [0 5201024 _n2420098823 B30.TIF
@ [ &pplication Data [0 5201024 02420038222 B40.TIF
[ Ardesivid O A 023 _Rs0. TIF
53 ARRAN (3 W5201024_n12420080823_BE0TIF
A arranhilshadif095386.ipg [0 5201024 _02420090823_B70.TIF
—_—
| 53 snanvm = | O fprick7band.alg
53 Clyde: [0 fick?band ers
A comparisont 1905386 jng [0 Rickrgh alg
D comparnizonZ 0905386 jpg D ickrgb.ers
[ Cross Sectiorfanan brp [0 fickrgbBclass.ers
- 5 "
4l _,l—l‘ (23 Default gdb [ frickrgbalg. alg B
(23 Documents s§d Settings —
[ diivers
_ | hd =l
Open:
IFATHI\LEZDT 024 Q2420030823 B10.TIF
Files of Type:
|An5uppmted Fileslf al fles] -]
I | Comments |
0K this |afler only | Apply this laper only |
w V| Apply Cancel |

The following algorithm appears:

i Algorithm

Yiew Mode: Marmal ¥ | | [~ Feather

Descriphion: I Mo Description

45| 2le|ale 88

E—* [Pz} Default Surface ﬂ Coordinate S_I,lsteml Surface‘ Layer |

<% Preudo Layer L5201024_02420030223 B70.TIF

—€ Pseuda Layer 2 ——[e1Gelae x| B K — Eme B
& Pseudo Layer
< Pseuda Layer
—€ Pseuda Layer
< Pseuda Layer

T
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5. To rename the | ayers appropriately, di
Pseudo Layer) andrename them, such as Band 1, Band 2, Band 3, etc.

& algorithm

Yiew Mode: Mormal ¥ |
1 y.4
D escription: I Mo Dezcrptigh

Coordinate S_I,Isteml Surface| La_l,lerl

LE2M024_02420030823_B20.TIF
ﬁ —F I B1:Grey Layer j # K —
—% Fzeudo Iﬁer
—% Fzeudo Laper
—Q Pzeudo Laper
—% Fzeudo Laper
—<& Pseudo Layer Note: this diagram shows th

situation part way through
the renaming

The following algorithm appears:

# nlgorithm

“iew Mode: Mormal v | ‘ [~ Feather

Diescription: I Mo Description

Vnjele]  slslalsl  slal o
58 [Ps] Defouk Suface = Cordinate System| Sutace| Lave
<2 Band 1 L5201024_02420050823_B70.TIF
T Band2 2 —feeeiae X K — e B K XK
_g Band 3
< Band 4
< Bands
< Bande
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6. To save as an ERmapper format dataset (.ers)
Click Save As;
Choose an appropriate volume for saving;
Choose an appropriate out put file typeg(i.e. .ers);
Choose an appropriate file name; and

Click OK.
RDAS 7R ® appe - (o x|
File\ Edit Wiet\ Toolbars Proce: Utilities  windows Help
DBl N]| &lf[oalz|x]| ZEe
A B SiE els(= #lelkl @
A ¥ L A ¥ I i
I ]
History  Special  iew Iumes Diretodes  ECW URL Hiskory
IFATI—\ 4| \
D wick 7band. er - :I
D wickrgb.ers
D wickrgbBclagd ers
<
|
>
| [ | =
Save az:
|54T7band
Filez of Tupe:
IEH Mapper Razter ) atazet [ erz) \ j
Ifg... Camments... |
| |
| K ' I Apply Cancel |

Thenteéé
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Tick Delete output transforms; select Output Type Multi layer;cli

——J:Iu Lt Attributes

[Hutput hat — 0 |

/
| Oubput Type: I builti Layer j & Cuent Yiew Cancel |
Dafa Type: IInzignedBEitinteger LI :
I " Entire Fage Dptions ... |
gl ale: I
Defaultz |
— Output Size
idth: | 2351 | Picels =]
Height: I?EEI'I Filz Size:423.75 MB
el ity |30
Pivel Height: |30
5 DI EG | Display [36:36) =1
i IE]E
¥ Maintain azpect ratio [T Preserve exact extents

Delete autput transfarms

[T write warld file

Help |

é to finish saving the

7. To save the algorihm

.erdata file.
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lick Save As;
Choose an appropriate volume for saving;
C e an appropriate out put file type (i.e. .alg);
se an appyopriate file name; and
Click O

Eile§ E: jews Toolbars Process  Ukilities Windows Help

Dl |38 | & [© a|@| x| ElEe
| PR GlE e s E ek @

T

History Speciall Wew Volumes Directories  ECW URL History
FaT M|
and.alg d d

wickrfbalg. alg

#E algorithm

Wiew Made: Momal p

Dezcription: I Mo Description

dplajs]  sfeal;

E|—$ [P} Default Surface d Coordinate Systeml Surface| —

—Q Pzeuda Layer L5201024_02420090823 B
<2 Pseudo Layer ﬁ —+ | B1:Grey Lay
—Q Pseudo Layer .
—Q Pseudo Layer

—Q Pseudo Layer

—Q Pseudo Layer

* Pieqdo Layer Save az

I EAT7hand
Fileg of Type:

IEH Mapper Alorithm [ alg)

nf... Comments... |

| Ok Y I Apply Cancel |
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8. To check all is welli 1! (Weodl | make an RGB displ ay)
Close the Algorithm and display windows.

Click open button and select the newly created .ers file (i.e. SAT7band.ers),
click QK

Edit Wiew Todlbars Process Utilities Y

‘MJJE _I

Hiskory Special Wiew Wolumes § Directories  ECW URL Hist

[FATHN =

[0 Ls201024_0242009082f_BA0.TIF ||
[ Ls5201024_0242009082f_BSO.TIF
[0 L5201024_02420090828_BEO.TIF
[0 Ls201024_0242009082f B7O.TIF
[J1 PROCESS B.dock
[0 saT7hand

[ s4T7band alg

D wick fband. alg
D wick 7band ers
[ wickrgb

D wickrgb. alg
D wickrab.ers
D wickrgbBclass

wickrgbBclass. ers

wickrgbalg.alg -

-
IS Vhand.ers

FI|E aof Type:
I.i\ll es %)

Apply

9.To check all iswelli 2! ( We 6 | | highlight vegetation u
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dd the Forestry (or Remote Sensing) tool bar to ERViapper
=IE

File Edit Wiew Process  Utilities Windows Help

% : itoar:ri‘ZTFunctmns Elil El

M Annatation * ﬂﬁlﬁlﬁl@ @

Asker

Batch Processing
Classification
Compression

DEM

ESG ColorEnhance
ESG Quickstretch
ESG Lkilities

Geophysics

GIS

Mirerals

MED Import wizard
Oil and Gas

Radar Common
Radar Filkers
Remote Sensing
Web Publishing
Wizards

Rup the NDVI process:

IB= B

File Edit Wiew Toolbars Process Utilities ‘Windows Help

a2 x] _I_I_I

hlight */egetation

éachieving the outcome:
o x|
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10. To check all is well 3 ! (Weodl | use the TM tool to
we have made from the 7 TIFF files, behaves like a 7 band TM irga):

choose_the TM process and the appropriate, .ers file.

# E (DAS ER Mapper =100

Filyy Edit Yew Toobars Process Utilties ‘Windows Help

This Wiizard wil allow you to create ﬁlbltﬁlnlul J I_QlQl kl .l.lol

one of several standard Landsat Th

Algorrt.hmsquwck\yandeasily.justby "P N 5|@| w! $|ﬁ|§|#|©|iﬁ| @
zelecting & dataset and Algorithm type. t @ ”l‘?’%l@l‘ E @l%l@l@l

Pleaze select & Landsat TM dataset and
an Algorithm type below.

Datazet IC:\FATHI\SAT?band.erS >

Type: |RGB 321 |

= Back | Finish | Cancel |

and note the appropriate RGB display.

i *** 7 : RGB 321 ***

The data set is now ready for more sophisticated analysis (such as an unsupervised
classificationéé)
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Appendix 3: Showing how to produce a scene of an appropriate
size for work.

clicking

File Edit Wiew
D|sppE|u| 8] [0 ]
sl B %GB e s = s

pfhars Process LUtilities Windows Help

A

[+

FATHIN

=

[ SATEklass
D SATEklazs.ers
A s4T7band
[ 54T7band.alg

D tp3.alg

[0 wick7band

D wick7band.alg
D wick7band.ers
D wick 7banda

D wick 7banda.ers ’
D wickigh

\ D wickrgb. alg

D wickrgb.ers

D wickigbBclass
D wickigbBclass ers

| D wickrgbalg.alg z ;I
Open:
|54T7band ers
Files of Type:
IAII Files [*7] =]
fo... | Commerts... |
y A
| ¥ I Apply | Cancel |

2.To select a subset of the image, select Utilities/File maintenance/Datasets/Save a
subset of image

CICTREINE

B|@ %

Impark ASCII and Binary grids  »
Impott Graphics formats 3
Impark Gridding formats 3
Impott Image Formats »
Import SAR imagery 3
Impott Sateliite imagery 3
L3
3
L3
3
3

D || 05
b

Import Schiumberger formats
Impott Vector and GIS Formats
Export Graphics formats
Export Raster

Expott vector and GIS formats

Toolbars 2
EBatch Scripts 3

File Maintenance

Machine Configuration Repart
Slide Show

Show environment variables
Configuration
Datasets Add a Dataset: directory
Delet
Save a subset of an image

Invert a Raster or Virtual Dataset
Edit a dataset header file

empty dataset directory

Formula
Filtersjkernels

*
»
*
»
*
User Menu 3

Selecting an apppriate WINDOW from the subset, to save as a separate working scene:



Appendices 221

# Image Subset Wizard |

Uze thiz wizard to save a subset of an existing image.

Input Image

IC:'I.F.E-.THI'IS.E.T?band.ers =
Output Image

IC:WF.ﬂ.THlﬁ.Wick?banda.ers =
Start Rowy End Fow

500 W

Start Column End Colurmn

a0o |1 300

Finizh | Cancel |

(note: to do this you will have to have discovered the appropriate rows and columns you
require to bound your study area. PAINT is a useful tool for this!).
3.Todisplay yournewarea again use ,Open®, but selc¢

€ crons crviapper TR

File Edit View Toolbars Process Utiities Windows Help

D|=|H@lu| & [0alar]| EmEel
N o L IRl T Iﬂ $JJEI#I©JJ ol
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Appendix 4a: Plant taxa recorded from 40 quadrats in Wicken
Fen with common names, density and frequency.
. . Density Frequ-
Family Species Name Common Name (m?) e(;(():y
Asteraceae Bellis perennid.. Daisy 1 2.5
Asteraceae Cirsium arvenséL.) Scop Creeping Thistle 1.025 12.5
Asteraceae Cirsium palustrglL.) Scop Marsh Thistle 0.2 7.5
Asteraceae Cirsium vulgarg(Savi) Ten. Spear Thistle 0.175 2.5
Asteraceae Centaurea nigrd.. Common Knapweed| 0.5 2.5
Apiaceae Angelica sylvestris L. Wild Angelica 0.15 2.5
Apiaceae Berula erectgHuds.) Coville | Lesser Wateparsnip| 0.625 2.5
Apiaceae Hydrocotyle vulgarid.. Marsh Pennywort 5 5
Alismataceae | Alismaplantageaquatical. Waterplantain 0.025 2.5
Ranunculaceae | Ranunculus flammula Lesser Spearwort | 0.025 2.5
Betulaceae Betula penduld&oth Silver Birch 0.275 5
Brassicaceae | Cardamine hirsuté. Hairy Bittercress 0.2 2.5
Boraginaeae Myosotis scorpioidek. Water Forgeime-not 0.1 5
Boraginaeae Symphytum officinalk. Common Comfrey 1.55 12.5
Convolvulaceae| Calystegia sepiurfL.) R. Br. | Hedge Bindweed 4.55 25
Cyperacaea Carex acutiformi€hrh. Lesser Pondedge 3.75 7.5
Cyperacaea Carex distang.. Brown Sedge 0.5 2.5
Cyperacaea Carex flaccaschreb. Glaucous Sedge 5.125 15
Cyperacaea Carex otrubadPodp. False Foxsedge 0.025 2.5
Cyperacaea Carex paniced.. Carnation Sedge 2.05 7.5
Cyperacaea Carex ripariaCurtis Greater Pongedge 0.5 2.5
Cyperacaea Cladium mariscugL.) Pohl Great Fersed@ 8.125 12.5
Cyperacaea Elcehouciparis uniglumigLink) Slender Spikeush 8.75 10
Crassulaceae g(r)a(lisalillr?gelmsii(Kirk) ':tlésntéilri?g swamp 0.1 2.5
Caryophyllaceag Lychnis floscuculiL. RaggedRobin 0.125 2.5
Caryophyllaceag Stellria alsineGrimm Bog starwort 0.425 2.5
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Appendix 4a
. . Density Freque-

Family Species Name Common Name (m?) rlzy
Dryopteridaceag Athyriumfilix-femina(L.) Roth | Lady Fern 2.525 5
Euphorbiaceae | Mercurialis perennid.. Dog"s mer ¢ 01 2.5
Salicaceae Salix repengd.. Creeping Willow 0.025 2.5
Fabaceae Lathyrus pratensis. Meadow Vetchling 0.05 2.5
Iridaceae Iris pseudacorus. Yellow Flag 1.925 17.5
Juncaceae Juncus bufoniuk. Toad Rush 1.275 5
Juncaceae Juncuseffusud.. Softrush 4.65 7.5
Jun@ceae JuncusinflexusL. Hard Rush 10 17.5
Lamiaceae AjugareptansL. Bugle 0.1 2.5
Lamiaceae Glechoma hederacda Groundivy 15 10
Lamiaceae Lycopus europaeus Gypsywort 0.25 2.5
Lamiaceae Mentha aquatica.. Water Mint 4.775 27.5
Lemnaceae Lemna nmor L. Common Duckweed 65 10
Lemnaceae Lemna trisulca.. Ivy-leaved Duckweeq 0.125 2.5
Onagraceae Sgﬁjrgerion augustifoliur(L..) Rosebay Willowherb| 0.15 2.5
Onagraceae Epilobium hirsutuni. Great Willowherb 3.075 10
Poaceae Trifolium repend. White Clover 0.125 2.5
Poaceae Agrostis stoloniferd.. Creeping Bent 16.85 30
Poaceae Alopecurus geniculatus. Marsh Foxtail 5 5
Poaceae Anthoxanthum odoratuin. Sweet Vernabrass 0.5 2.5
Poaceae gggfc_agegg?gglzmég‘gr; False Oafgrass 0.15 2.5
Poaceae Dactylis glomeratd.. Cock'sfoot 0.3 5
Poaceae Festuca pratensisluds. Meadow Fescue 0.5 2.5
Poaceae Festuca rubra.. Red Fescue 155 225
Poaceae ?Hedigf; rli;:”hgon pubescens Downy Oatgrass 4.025 7.5
Poaeae Holcus lanatud.. Yorkshirefog 2.625 7.5
Poaceae Lolium perenné.. Perennial Ryarass 0.15 2.5
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Appendix 4a
Density Freque-
Family Species Name Common Name 2 ncy
m? |y
Poaceae Molinia caerulealL.) Moench | Purple Moofgrass 0.925 7.5
Poaceae Phalaris arundinaced.. Reed Canargrass 4.8 15
Poaceae Phragmltes australigCav.) Common Reed 21.9 72.5
Trin. Ex Steud
Poaceae Poa palustrid_. Fowl bluegrass 3.775 10
Poaceae Poa pratensit.. Smooth Meadow 6.925 12.5
grass
Poaceae Poa trivialisL. Rouwgh Meadowgrass| 6.3 15
: " Variousleaved
Plantaginaceae | Callitriche platycarpaKuetz Waterstarwort 0.25 2.5
Primulaceae Lysimachia vulgarid.. Yellow Loosestrife 2.42 22.5
Polygonaceae | Rumex acetosa. Common Sorrel 0.05 2.5
Polygonaceae | Rumex hydr@pathumHuds Water Dock 0.075 2.5
Polygonaceae | Rumex obtusifoliuk. Broadleaved Dock 0.125 2.5
Rosaceae Crataegus monogyniacq Hawthorn 0.025 2.5
Rosaceae Rubus fruticosuk. Bramble 1.175 7.5
Rosaceae Flllpgndula ulmaria(l.) Meadowsweet 13 10
Maxim.
Rosaceae Potentilla erectgL.) Raeusch | Tormentil 0.075 2.5
Ranunculacaea| Ranunculus lingu&. Greater Spearwort 0.125 2.5
Ranunculacaea Ran_unculus trichophyllus Threadleaved Water 285 125
Chaix crowfoot
Ranunculacaea| Thalictrum flavuni. ﬁjc;rrmon Meadow 0.65 5
Ranunculacaea| Caltha palustrid_. Marshmarigold 0.25 2.5
Resedaceae Reseda luteh. Wild Mignonette 0.975 10
Rubiaceae Galium aparinel Cleavers 5.25 7.5
Rubiaceae Galium palustrd.. bCommon Marsh 7.875 37.5
edstraw
Salicacea Salix capred.. Goat Willow 2.1 12.5
Salicaceae Salix pentandrd.. Bay Willow 0.25 2.5
Salicaceae Salix purpured.. Purple Willow 0.225 2.5
Sparganiaceae | Sparganium erecturn. Branched Bureed 0.15 5
Solanaceae Solanum dulcamarh. Bittersweet 0.1 2.5
Typhaceae Typha latifoliaL. Greater Reedmace | 1.475 5
Urticaeae Urtica dioical. Common Nettle 1.8 175
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Appendix 4b: Field data collected from 40 quadrats at Wicken

Fen during June 2010. (T = Line transect; Q = Quadrat).

Species

Angelica sylvestris
Agrostis stolonifera
Ajuga reptans

Alisma plantage
aguatica

Alopecurus geniculatus
Anthoxanthum odoratum
Arrhenatherum elatius
Athyrium filixfemina
Ranunculus flammula
Bellis perennis

Berula erecta

Betula pendula
Callitriche platycarpa
Caltha palustris
Calystegia sepium
Cardamine hirsuta
Carex acutiformis
Carex distans

Carex flacca

Carex otrubae

Carex panicea

Carex riparia
Centaurea nigra
Chamerion augustifoliurr
Cirsium arvense
Cirsium palustre
Cirsium vulgare
Cladium mariscus
Crassula helmsii
Crataegus monogyna
Dactylis glomerata
Eleocharis uniglumis
Epilobium hirsutum
Festuca pratensis
Festuca rubra
Filipendula ulmaria
Galium aparine
Galium palustre
Glechoma hederacea
Helictotrichon pubescen:
Holcus lanatus
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Appendix 4b

Species
Hydrocotyle vulgaris
Iris pseudacorus
Juncus bufonius
Juncus effusus
Juncus inflexus
Lathyrus pratensis
Lemna minor
Lemna trisulca
Lolium perenne
Lychnis floscuculi
Lycopus europaeus
Lysimachia vulgaris
Mentha aquatica
Molinia caerulea
Myosotis scorpioides
Trifolium repens
Phalaris arundinacea
Phragmies australis
Poa pratensis

Poa trivialis
Potentilla erecta
Ranunculus lingua

Ranunculus trichophyllus

Reseda lutea
Rubus fruticosus
Rumex acetosa

Rumex hydrolapathum

Rumex obtusifolius
Salix caprea

Salix pentandra
Salx purpurea
Solanum dulcamara
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Stellaria media
Symphytum officinale
Thalictrum flavum
Typha latifolia

Urtica dioica

Salix repens
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Appendix 4b

Species

Angelica sylvestris
Agrostis stolonifera
Ajuga reptans

Alisma plantage
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Alopecurus geniculatus
Anthoxanthum odoratum
Arrhenatherum elatius
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Ranunculus flammula
Bellis perennis

Berula erecta

Betula pendula
Callitriche platycarpa
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Carex distans
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Carex otrubae
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Carex riparia
Centaurea nigra
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Cirsium arvense
Cirsium palustre
Cirsium vulgare
Cladium mariscus
Crassula helmsii
Crataegus monogyna
Dactylis glomerata
Eleocharis uniglumis
Epilobium hirsutum
Festuca pratensis
Festuca rubra
Filipendula ulmaria
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Appendix 4b

Species
Hydrocotyle vulgaris
Iris pseudacorus
Juncus bufonius
Juncus effusus
Juncus inflexus
Lathyrus pratensis
Lemna minor
Lemna trisulca
Lolium perenne
Lychnis floscuculi
Lycopts europaeus
Lysimachia vulgaris
Mentha aquatica
Molinia caerulea
Myosotis scorpioides
Trifolium repens
Phalaris arundnacea
Phragmites australis
Poa pratensis
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Potentilla erecta
Ranunculus lingua
Ranunculus
trichophyllus
Reseda lutea
Rubus fruticosus
Rumex acetosa

Rumex hydrolapathum

Rumex obtusifolius
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Salix pentandra

Salix purpurea
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Sparganium erectum
Stellaria media
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Appendix 4b

Species

Angelica sylvestris
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Anthoxanthum odoratum
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Athyrium filixfemina
Ranunculus flammula
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Callitriche platycarpa
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Carex flacca

Carex otrubae

Carex panicea

Carex riparia
Centaurea nigra
Chamerion augustifoliunr
Cirsium arvense
Cirsium palustre
Cirsium vulgare
Cladium mariscus
Crassula helmsii
Crataegus monogyna
Dactylis glomerata
Eleocharis uniglumis
Epilobium hirsutum
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Appendix 4b

Species
Hydrocotyle vulgaris
Iris pseudacorus
Juncus bufonius
Juncus effusus
Juncus inflexus
Lathyrus pratensis
Lemna minor
Lemna trisulca
Lolium perenne
Lychnis floscucui
Lycopus europaeus
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Mentha aquatica
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Appendix 4b

Species

Angelica sylvestris
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Appendix 4b

Species
Hydrocotyle vulgaris
Iris pseudacorus
Juncus bufonius
Juncus effusus
Juncus inflexus
Lathyrus pratensis
Lemna minor
Lemna trsulca
Lolium perenne
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Appendix 4b

Species

Angelica sylvestris
Agrostis stolonifera
Ajuga reptans

Alisma plantage
aguatica

Alopecurus geniculatus
Anthoxanthum odoratum
Arrhenatherum elatius
Athyrium filixfemina
Ranunculus flammula
Bellis perennis

Berula erecta

Betula pendula
Callitriche platycarpa
Caltha palustris
Calystegia sepium
Cardamine hirsuta
Carex acutiformis
Carex distans

Carex flacca

Carex otrubae

Carex panicea

Carex riparia
Centaurea nigra
Chamerion augustifoliunr
Cirsium arvense
Cirsium palustre
Cirsium vulgare
Cladium mariscus
Crassula helmsii
Crataegus monoga
Dactylis glomerata
Eleocharis uniglumis
Epilobium hirsutum
Festuca pratensis
Festuca rubra
Filipendula ulmaria
Galium aparine

Galium palustre
Glechoma hederacea
Helictotrichon pubescen:
Holcus lanatus

Abb.
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Alge
Anod
Arel
Atff
Rafl
Blpe
Beer
Btpe
Clpl
Capa
Clse
Cahi
Cxac
Cxdi
Cxfl
Cxot
Cxpa
Cari
Cnni
Chau
Ciar
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Civu
Clma
Crhe
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Dcgl
Elun
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Fepr
Feru
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Hepu
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Appendix 4b

Species
Hydrocotyle vulgaris
Iris pseudacorus
Juncus bufonius
Juncus effusus
Juncus inflexus
Lathyrus praénsis
Lemna minor
Lemna trisulca
Lolium perenne
Lychnis floscuculi
Lycopus europaeus
Lysimachia vulgaris
Mentha aquatica
Molinia caerulea
Myosotis scorpioides
Trifolium repens
Phalaris arundinacea
Phragmites australis
Poa pratensis

Poa trivialis
Potentilla erecta
Ranunculus lingua

Ranunculus trichophyllus

Reseda lutea
Rubus frticosus
Rumex acetosa

Rumex hydrolapathum

Rumex obtusifolius
Salix caprea

Salix pentandra
Salix purpurea
Solanum dulcamara
Sparganium erectum
Stellaria media
Symphytum officinale
Thalictrum flavum
Typha latifolia

Urtica dioica

Salix repens

Abb.
Hyvu
Irps
Jubu
Juef
Juin
Lapr
Lemi
Letr
Lope
Lyfc
Lyeu
Lyvu
Meaq
Moca
Mssc
Trre
Phar
Phau
Papr
Patr
Pter
Rali
Ratr
Relu
Rufr
Ruac
Ruhy
Ruob
Saca
Sape
Sapu
Sodu
Sper
Stme
Syof
Thfl
Tyla
Urdi
Sare
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Appendix 4c: Environmental variables recorded from sample
guadrats in June 2010 at Wicken Fen. (T = Line transect; Q =
Quadrat).
Line Vegetation layer (m)
transect . Soil Water Water
Soil . L %
& H conductivity | conductivity Shade depth Tall
Quadrat p (psS/c (psS/c (m) Herb herb Shrub| Tree
number
T1Q1 7.42 700 859 none none 0.28 0.71 | absent| absent
T1Q2 6.76 491 none 44 none 0.29 1.22 3.67 | absent
none
T1Q3 7.11 580 none 0.01 0.23 0.94 | absent| absent
none
T1Q4 6.97 576 none 0.01 0.61 1.11 | absent| absent
none
T1Q5 7.31 779 none none 0.83 2.11 | absent| absent
none
T1Q6 6.95 700 876 0.15 0.68 1.34 | absent | absent
T1Q7 6.85 460 none 93 none 0.25 0.81 55 absent
T1Q8 7.22 704 none 86 none 0.5 2.02 2.97 16
T1Q9 5.6 690 none 78 none 0.32 1.8 4,73 | absent
T1Q10 6.59 520 none 74 none 0.07 0.93 | absent 11
T20Q1 7.8 318 none none | none 0.11 0.49 | absent| absent
T2Q2 7.89 232 none none none 0.69 1.26 1.31 | absent
T2Q3 7.8 252 none none | none 0.33 1.21 | absent| absent
T2Q4 7.35 629 none none | none 0.19 0.51 | absent| absent
T2Q5 6.91 542 718 none 0.1 0.18 1.04 | absent| absent
T2Q6 7.8 245 758 none 0.16 0.47 1.79 | absent| absent
T2Q7 7.34 595 none none | none 0.4 1.06 3.33 | absent
T2Q8 7.2 618 none none none 0.57 1.22 3 absent
T3Q1 7.49 622 none none | none 0.11 1.1 1.9 absent
T3Q2 7.6 670 none 95 none 0.14 0.71 4 12
T3Q3 7.44 571 none 95 none 0.76 1.36 5.33 | absent
T3Q4 7.42 765 none 99.4 none 0.23 0.69 | absent| 16
T3Q5 7.7 758 none 98 none 0.25 .95 absent| 20
T3Q6 7.79 600 none none none 0.33 1.02 | absent| absent
T3Q7 7.72 570 none 97 none 0.34 0.87 | absent| 7.3
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Appendix 4c
Line Vegetation layer (m)
transect Soil Soil_ _ Water % Water
& conductivity | conductivity depth Tall

Quadrat| PH (us/cl (usS/ec Shade (m) | Herb| i | Shrub| Tree
number

T4Q1 6.86 512 none none | none | 0.7 2.14 2.5 | absent
T4Q2 7.36 537 none 98 none | 0.86| 1.75 | absent 5
T4Q3 7.74 569 none 90 none | 0.48 | 1.71 | absent] 8
T5Q1 7.77 635 none none | none | 0.36| 0.6 | absent| absent
T5Q2 7.59 785 none none | none | 0.15 | absent| absent| absent
T5Q3 7.55 658 none none | none | 0.35| 0.81 | absent| absent
T5Q4 7.47 908 875 none | 0.42 | 0.29 | absent| absent| absent
T5Q5 7.72 631 none 93 none | 0.67| 1.35 6 absent
T5Q6 6.8 841 629 none | 0.09 | 0.49| 1.89 | absent| absent
T5Q7 6.9 758 758 none | 0.13 | 0.44 | absent| absent| absent
T6Q1 7.66 806 none 93 none | 0.47 | 1.24 | absent] 10
T6Q2 6.72 2610 2820 none 0.1 | 056 | 1.98 | absent] 8
T6Q3 7.52 550 none 97 none | 0.49| 1.56 6 absent
T6Q4 7.36 686 none none | none | 0.26 | 1.15 | absent| absent
T6Q5 7.6 925 none 99 none | 0.2 | absent| absent] 9
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Appendix 5: TWINSPAN Analysis depicting final Table from 40
guadrats in Wicken Fen.

Plant species in firstolumn), entries in the table are the pseudospecies levels not
guantitative valueghe right and bibom sides define the dendrogram of the classification
of species and samples, respectively

122341231 1112 3 2211 3 3333 11322232
70913801439123865687856 34760245274925910
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26 Cipa -13-—-- 2 000100
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40 Glhe -2--5-5 1 000101
48 Lapr -2 000101
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Appendix 5

23 Cnni
24 Chau
27 Civu
29 Craq
33 Elun
35 Fepr
43 Hyvu
49 Lemi 1
50 Letr
52 Lyfc
53 Lyeu
55 Meaq
58 Mssc
66 Rali
67 Ratr
70 Ruac
71 Ruhy
76 Sper
79 Stpa
81 Thfl
2 Agst
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42 Hola
20 Cxot
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Appendi x 6:

TWI NSPAN groups

n

Wi

indicator values for light -L; Moisture- F; and Reaction (soil pH
or water pH) 1 R. (source: Hill et al., 1999).

Group | Species Abb. L F R
Aeggodiumpodagrarial. Aepo 6 51| 6
Cardamine hirsuté. Cabhi 8 51| 6
Carex acutiformis€hrh. Cxac 7 8 | 7
Carex flaccaSchreb. Cxfl 6 51| 6
Cirsium palustregL.) Scop Cipa 7 8 |5
Crataegus monogyniacq Crmo 7 517
Deschampsia flexuoga.) Trin Defl 6 5| 2
Epilobium hirsutuni. Ephi 7 8 | 7
Filipendula ulmaria(L.) Maxim. Fiul 7 8 | 6
Galium aparinel. Gaap| 7 9 | 7
Glechoma hederacda Glhe 6 6 | 7

1 Iris pseudacorus. Irps 7 9 | 6
Lathyrus pratensis. Lapr 7 6 | 6
Lemna minoL. Lemi 7 11| 7
Lysimaclme vulgarisL Lyvu 7 9 | 7
Oxalis acetoselld.. Oxac| 4 6 | 4
Phragmites australi¢Cav.) Trin. Ex Steud| Phau 7 5|7
Poa pratensig.. Popr 7 10| 6
Reseda lute&. Rebu 7 4 |7
Solanum dulcamarh. Sodu 7 8 | 7
Symphytum officinalk. Syof 7 717
Urtica dioical. Urdi 6 6 | 7
Agrostis stoloniferd.. Agst 7 6 | 7
Alopecurus geniculatus. Alge 8 716
é:gh;gagelgﬁéns IeIatlu(sL.) P. Beauv. Ex.J Arel 7 5 | 7
Betula penduld&oth Bepe| 7 51| 4
Callitriche platycarpaKuetz Capl 6 11| 7
Calystegia sepiurfL.) R. Br. Case| 7 8 | 7
Carex acutiformig€hrh. Caac 7 8 | 7
Carex distand.. Cadi 8 6 | 7

2 Carex flaccaSchreb. Cafl 7 5|6
Carex paniced.. Capa| 8 8 | 4
Carex vesicarid.. Cave 8 10| 5
Cirsium arvenséL.) Scop Ciar 8 6 | 7
Cirsium palustrgL.) Scop Cipa 7 8 | 5
Cladium mariscugL.) Pohl Clma| 8 9 | 8
Epilobium hirsutuni. Ephi 7 8 | 7
Festuca rubra_ Feru 8 516
Filipendula ulmaria(L.) Maxim. Fiul 7 8 | 6
Galium aparinel. Gaap| 6 6 | 7

c k
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Appendix 6:

Group | Species Abb. L F|R

2 Galium palustreL. Gapa| 7 9|5
Glechoma hederacda Glhe | 6 6 | 7
Helictotrichon pubescen$luds.) Pilg | Hepu| 7 4 |7
Iris pseudacorus. Irps 7 9|6
Juncus bufoniuk. Jubu| 7 7|6
Juncuseffusud.. Juef | 7 7|4
JuncusinflexusL. Juin 7 7|7
Lolium peenneL. Lope| 8 5| 6
Lycopus europaeus Lyeu 7 8 | 7
Mentha aquaticd.. Meaq| 7 8 | 7
Molinia caerulea(L.) Moench Moca| 7 8 | 3
Phalaris arundinaced.. Phar| 7 8 | 7
Phragmites australigCav.) Trin. Ex phaul 7 | 10! 7
Steud
Poa palustrid.. Popa| 7 9 | 7
Poa pratensid.. papr | 7 5|6
Poa trivialis L. potr 7 6 | 6
Potentilla erectgL.) Raeusch poer | 7 713
Ranunculus trichophyllu€haix Ratr 7 12| 6
Reseda lutea. Relu| 7 4 |7
Rubus fruticosusk. Rufr 6 6 | 6
Rumex obtusifoliuk. Ruob| 7 5|7
Salix capre L. Saca| 7 707
Salix pentandrd.. Sapu| 7 8 | 6
Salix purpured.. Sopu| 8 9 | 7
Solanum dulcamara. Sodu| 7 8 | 7
Symphytum officinale Syof | 7 7|7
Typha latifoliaL. Tyla 8 10| 7
Urtica dioical. Urdi 6 6 | 7
Agrostis stoloniferd.. Agst | 7 6 | 7
AjugareptansL. Ajre 5 7|5
Alismaplantagcaquatical. Alpl 7 10| 7
Anthoxanthum odoratuin. Anod| 7 6 | 4
Athyriumfilix-femina(L.) Roth Atfi 5 7|5
BaldelliaranunculoidegL.) Parl. Bara| 8 10| 6

3 Berula erectgHuds.) Coville Beer| 7 10| 7
Bellis perennid.. Bepe| 8 5|6
Calystegia sepiurfL.) R. Br. Case| 7 8 | 7
Carex flaccaSchreb. Cafl 7 5|6
Carex paniced.. Capa| 8 8 | 4
Cirsium vulgareg(Savi) Ten. Civu 7 5|6
Dactylis glomeratd.. Dagl| 7 5|7
Eleocharis uniglumigLink) Schult. Elun 8 9 | 7
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Appendix 6:

Group | Species Name Abb. L F | R

3 Festuca pratensikluds. Fepr| 7 6 | 6
Filipendula ulmaria(L.) Maxim. Fiul 7 8 | 6
Galium palustre.. Gapa| 7 915
Helictotrichon pubescen$luds.) Pilg | Hepu| 7 4 |7
Holcus lanatug.. Hola | 7 6 |6
Hydrocotyle vulgarisL. Hyvu | 8 8 | 6
Iris pseudacorus. Irps 7 9 | 6
Juncus bufoniuk. Jubu | 7 716
JuncusinflexusL. Juin 7 77
Lemna minolL. Lemi 7 11| 7
Lemna trisulcal. Letr 7 | 12| 7
Lychnis floscuculi L. Lyfl 7 916
Lycopus europaeus Lyeu 7 8 |7
Mentha aquaticd.. Meaq| 7 8 | 7
Myosotis scorpioidek Mysc | 7 9 | 6
Phalaris arundinaced.. Phar | 7 8 |7
Phragmites australigCav.) Trin. Ex Phaul 7 |10l 7
Steud
Poa pratensid.. Popr | 7 9 | 6
Ranunculus linguéa. Rali 7 10| 6
Ranunculus trichophyllu€haix Ratr 7 12| 6
Rumex acetoska. Ruac| 7 5|5
Rumex hydrolapathuiduds Ruhy| 7 |10| 7
Sparganium erecturm. Sper| 7 |10 7
Stellaria palustrisRetz. Stpa | 7 8 | 6
Thalictrum flavur_. Thfl 7 8 | 7
Typha latifolialL. Tyla 8 |10 7
Agrostis stolonifea L. Agat | 7 6 |7
Alopecurus geniculatus Alge 8 716
Carex otrubad”odp. Caot| 6 8 | 7
Cirsium arvenséL.) Scop Ciar 8 6 |7
Dactylis glomeratd.. Dagl 7 517
Festuca rubra_ Feru| 8 5|6
Galium palustrd.. Gapa| 7 915

4 Holcus lanatud.. Hola | 7 6 | 6
Juncuseffusud.. Juef 7 714
Mercurialis perennid Mepe| 3 6 | 7
Phragmites australigCav.) Trin. Ex Phau| 7 10| 7
Steud
Reseda lutea. Relu 7 4 |7
Stellaria alsineGrimm Stal 7 8 |5
Urtica dioical. Urdi 6 6 |7
Vaccinium mtillus L. Vamy| 6 6 | 2
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Appendix 7a: Plant taxa recorded from 48 quadrats in July 2011 at
Caerlaverock Reserve with common names, density and

frequency.

. . Density Freque-
Family Species Name Common Name (m?) rgzy
Asteraceae Senecio jacobesl. Common Ragwort 1.25 6.25
Asteracea Cirsium arvenségL.) Scop. Creeping Thistle 2.81 8.33
Asteraceae Aster tripoliumL. Sea Aster 1.17 6.25
Asteraceae Bellis perennig.. Daisy 1.52 12.5
Asteraceae Leontodon autumnalis. Autumn Hawkbit 1.54 10.42
Asteraceae Z_Lr';) I\?vlfg)_ :Q’]pigrg# m maritimum Sea Mayweed 0.42 2.08
Apiacaea Oenanthe lachenalliC.Gmelin. Parsley Watedropwort | 0.38 8.33
Araliaceae Hedera helixL. Common lvy 0.27 6.25
Apiaceae Heracleum sphondyliunt.. Hogweed 0.04 2.08
Brassicaceae Cardamine pratensk. Cudkooflower 0.04 2.08
Brassicaceae ﬁz&s&lla bursgpastoris(L.) shepherdgpurse 0.02 2.08
Brassicaceae Cochlearia officinalisL. Common Scurvygrass | 0.13 2.08
Brassicaceae Cochlearia anglicd.. English Scurvygrass 0.02 2.08
Boraginaceae Symphytumuberosuni. Tuberous Comfrey 0.15 2.08
Caryophyllaceae | Stellaria nemorunt. Wood Stitchwort 0.33 4.17
Caryophyllaceae | Stellaria holosted.. Greater Stitchwort 0.79 8.33
Caryophyllaceae Silene dioicgL.) Clairv. Red Campion 0.06 2.08
Chenopodiaceae | Atriplex hastatd.. Hastate orach 0.75 8.33
Chenopodiaceae | Salicornia europaed. Common Glasswort 0.31 6.25
Cyperaceae Carex flaccaSchreb. Glaucous Sedge 2.6 6.25
Cyperaceae Carex distand.. Distant Sedge 0.67 8.33
Cyperaceae Scirpus maritimug. Sea Clubrush 1.52 4.17
Cyperaceae Carex nigra(L.) Reichard. Common Sedge 1.98 6.25
Cyperaceae gi:ehoucliwaris uniglumigLink) Slender Spikeush 1.7 4.17
Cyperaceae Carex distiba Huds Brown Sedge 0.21 2.08
Dryopteridaceae | Dryopteris filixmas(L.) Schott Male-fern 0.17 6.25
Equisetaceae Equisetum arvende Field Horsetail 0.15 4.17
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Density Freque-
Family Species Name Common Name 2 ncy

(m™) %
Fabaceae Lathyrus patensisL. Meadow Vetchling 1.2 8.3
Fabaceae Lotus corniculatug.. Com.mon Bird'doot- 2.37 125
trefoll
Fabaceae Trifolium repend.. White Clover 11.27 31.25
Fabaceae Ulex europaeus. Gorse 4.23 14.58
Geraniaceae Geranium robertianunh. Herb-Robert 0.3 2.08
Juncaceae Juncus gerardiiLoisel. Saltmarsh Rush 15.19 22.92
Juncaceae Juncus bufoniuk. Toad Rush 0.42 2.08
Juncaceae Juncus effusuk. Softrush 9.02 14.58
Juncaceae Juncus inflexus. Hard Rush 3.63 10.42
Juncaginaceae Triglochin maritima L. Sea Arrowgrass 4.63 22.92
Onagraceae Epilobium angustifoliunt.. Alpine Willowherb 0.08 2.08
Plantoginaceae Plantago maritimal. Sea Plantain 2.02 8.33
Plumbaginaceae | Armeria maritima(Mill.) Willd. Thrift 7.42 18.75
Polygonaceae Rumex acetosa.. Common Sorrel 0.19 2.08
L Spotted ladysthump
Polygonaceae Polygonum persicarid. redshank 0.17 2.08
Poaceae Elymus pycnanthugodr.) Sea Couch 3.33 4.17
Barkworth
Poaceae Holcus mollisL. Creeping Sofgrass 0.38 4.17
Poaceae Agrostis capillarisL. Common Bent 5.94 12.5
Poaceae Glyceria declinateBreb. Small Sweegrass 1.02 4.17
Poaceae Elymus repend_.) Gould. Common Couch 0.542 6.25
Poaceae Cynosurus cristatuk. Crested Dogail 1.23 4.17
Poaceae Dactylis glomerata L. Cock'sfoot 3.13 8.33
Poaceae Lolium perennd.. Perennial Ryagrass 6.65 14.58
Poaceae Anthoxanthum odoratum L. Sweet Vernafyrass 0.25 4.17
Poaceae Puccinellia maritima(Hudson) Common Saltmarsh 1231 16.67
Parl. grass

Poaceae Phleum pratense. Timothy 0.63 2.08
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Densit Freque-
Family Species Name Common Name 2 y ncy
(m™) %
Poaceae Agrostis stoloniferd.. Creeping Bent 7.17 20.83
Poaceae Poa trivialis L. Rough Meadowgrass 4,125 10.42
Poa ceae Poa annuaL. Annual Meadowgrass 0.1 2.08
Poaceae HolcuslanatusL. Yorkshirefog 8.85 22.92
Poaceae Festuca rubreL. Red Fescue 27.77 39.58
Poaceae Alopecurus geniculatus. Marsh Foxtail 0.17 2.08
Poaceae Spartina maritimaCurtis) Small Cordgrass 2.08 2.08
Fernald.
Poaceae Poa subcaeruleeSmith. Sprealing Meadow 2.21 8.33
grass
Poaceae Festuca arundinace&chreb. Tall Fescue 4.27 6.25
Primulaceae Glaux maritimaL. Seamilkwort 4.75 18.75
Ranunculaceae Ranunculus baudottodr. Brackish Water 0.35 2.08
crowfoot
Ranunculaceae Ranunculus acris Meadav Buttercup 1.56 10.42
Ranunculaceae Ranunculus repens L. Creeping Buttercup 4.58 18.75
Rosaceae Potentilla anserind.. Silverweed 3.13 20.83
Rosaceae Rubus fruticosuk. Bramble 0.1 2.08
Rubiaceae Galium aparine L. Cleavers 0.92 12.5
Rubiaceae GaliumpalustreL. Common Marsh 0.31 2.08
bedstraw
Urticaceae Urtica dioica L. Common Nettle 4.33 18.75
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Appendix 7b: Field data collected from 48 quadrats at
Caerlaverock Reserve during July 2011. (T = Line transect; Q =
Quadrat)

Species Abb. T1Q1 T1Q2 T1Q3 T1Q4 T1Q5 T1Q6 T1Q7 T1Q8
Agrostis capillaris agr cap 0 0 40 0 0 0 0 0
Agrostis stolonifera agr sto 0 100 0 0 0 0 100 0
Alopecurus gesulatus alo gen 0 8 0 0 0 0 0 0
ﬁggr‘gtxuammh“m antodo 0 0 0 o 0o 0 0 0
Armeria maritima armmar 0 0 0 0 0 0 5 2
Aster tripolium ast tri 0 0 0 0 0 0 0 0
Atriplex hastata atr has 0 0 0 0 0 0 0 0
Bellis perennis bel per 0 0 0 0 10 20 0 0
Capsela bursapastoris cap bur 0 0 0 0 0 0 0 0
Cardamine pratense  car pra 0 0 0 0 0 0 0 0
Carex distans car dist 0 0 4 0 0 0 0 0
Carex disticha car dis 0 10 0 0 0 0 0 0
Carex flacca car flac 0 0 45 0 5 0 0 0
Carex nigra car nig 0 0 0 33 0 0 0 0
Cirsium awvense cir arv 44 0 0 0 0 55 0 0
Cochlearia anglica coc ang 0 0 0 0 0 0 0 0
Cochlearia officinalis  coc off 0 0 0 0 0 0 0 0
Cynosurus cristatus cyn cri 0 0 0 30 29 0 0 0
Dactylis glomerata dac glo 0 0 0 0 0 0 0 0
Dryopteris filixmas dry fil 0 0 0 0 0 0 0 0
Eleocharis uniglumis  ele uni 0 0 0 0 0 0 0 0
Elymus pycnanthus ely pyc 0 0 0 0 0 0 0 0
Elymus repens ely rep 6 0 0 0 0 0 0 0
Epilobium epiang O 0 0 0 0 0 0 0
angustifolium

Equisetum arvense equ arv 0 0 0 0 0 0 0
Festuca arundinacea fes aru 0 0 0 50 0 100 0 0
Festuca rubra fes rub 0 17 100 0 10 0 0 100
Galium aparine gal apa 0 0 0 0 0 0 0 0
Galium palustre gal pal 0 0 0 0 0 0 0 0
Geranium robertianum ger rob 0 0 0 0 0 0 0 0
Glaux maritima gla mar 0 12 19 0 0 0 19 0
Gyceria declinata gyc dec 0 0 0 0 0 0 0 0
Hedera helix hed hel 0 0 0 0 0 0 0 0
Heracleum hersph 0 0 0 0 0 0 0 0
sphondylium

Holcus lanatus hol lan 0 0 0 25 5 0 0 0
Holcus mollis hol mol 0 0 0 0 0 0 0 0
Juncus gerardi jun ger 0 0 50 0 0 0 100 0
Juncus bufonius jun buf 0 0 0 0 0 0 0 0
Juncus effusus jun eff 0 0 0 0 0 0 0 0
Juncus inflexus jun inf 0 0 0 0 0 0 0 0
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Species

Lathyrus pratensis
Leontodon autumnalis
Lolium perenne

Lotus corniculatus
Oenanthe lachenallii
Phleum pratense
Plantago maritima
Poa annua

Poa subeerulea

Poa trivialis
Polygonum persicaria
Potentilla anserina
Puccinellia maritima
Ranunculus acris
Rarunculus baudotii
Ranunculus repens
Rubus fruticosus
Rumex acetosa
Salicornia europaeus
Scirpus maritimus
Senecio jacobea
Silene dioica
Spartina maritima
Stellaria holostea
Stellaria nemorum
Symphytum tuberosum
Trifolium repens

Triglochin maritima
Tripleurospermum
maritimum

Ulex europaeus
Urtica dioica
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Species Abb. T201 T2Q2 T2Q3 T2Q4 T2Q5 T3Q1l T3Q2 T3Q3
Agrostis capillaris agr cap 0 50 25 50 20 0 0 0
Agrostis stolonifera  agr sto 0 0 0 0 0 0 0 0
Alopecurus
geniculatus alo gen 0 0 0 0 0 0 0 0
ﬁg{t)k:g;(uanr:thum antodo 0 0 0 0 0 0 2 0
Armeria maritma armmar 0 0 0 0 0 0 0 0
Aster tripolium ast tri 0 0 0 0 0 0 0 0
Atriplex hastata atr has 7 0 0 0 0 0 0 0
Bellis perennis bel per 0 0 0 0 0 0 24 12
Capsella bursa
pastoris cap bur 0 0 0 0 0 0 0 0
Cardamine pratense car pra 0 0 2 0 0 0 0 0
Carex dstans car dist 0 0 0 0 0 0 0 0
Carex disticha car dis 0 0 0 0 0 0 0 0
Carex flacca car flac 0 0 0 0 0 0 0 0
Carex nigra car nig 0 2 0 0 0 0 0 0
Cirsium arvense cir arv 0 0 15 0 0 0 0 0
Cochlearia anglica  coc ang 0 0 0 0 0 0 0 0
Cochlearia officinals coc off 0 0 0 0 0 0 0 0
Cynosurus cristatus  cyn cri 0 0 0 0 0 0 0 0
Dactylis glomerata  dac glo 0 0 0 0 0 40 1 0
Dryopteris filixmas  dry fil 0 0 0 0 0 0 0 0
Eleocharis uniglumis ele uni 0 0 0 30 0 0 0 0
Elymus pycnanthus ely pyc 0 0 0 0 0 0 0 0
Elymus repens ely rep 0 0 0 0 0 0 0 0
Epilobium epiang 0 0 4 0 0 0 0 0
angustifolium
Equisetum arvense  equ arv 0 0 6 0 0 0 0 0
Festuca arundinacea fes aru 55 0 0 0 0 0 0 0
Festuca rubra fes rub 0 100 0 0 0 0 0 0
Galium aparine gal apa 0 0 0 0 0 10 0 0
Galium palustre gal pal 0 0 0 15 0 0 0 0
Geranium
robertianum ger rob 0 0 0 0 0 0 0 0
Glaux maritima glamar 19 0 0 0 0 0 0 0
Gyceria declinata gyc dec 0 0 0 9 0 0 0 0
Hedera helix hed hel 0 0 0 0 0 0 0 0
Heracleum hersph 0 0 0 0 0 0 0 0
sphondylium
Holcus lanatus hol lan 0 0 0 0 12 0 3 100
Holcus mollis hol mol 0 0 0 0 0 0 0 0
Juncus gerardi jun ger 93 30 0 0 0 0 0 0
Juncus bufonius jun buf 0 0 20 0 0 0 0 0
Juncus effusus jun eff 0 0 100 100 0 0 0 0
Juncus inflexus jun inf 0 0 0 10 0 0 0 0
Lathyrus pratensis  lat pra 0 0 0 0 0 0 0 0
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Species
Leontodon
autumnalis

Lolium perenne
Lotus corniculatus
Oenanthe lakenallii
Phleum pratense
Plantago maritima
Poa annua

Poa subcaerulea

Poa trivialis
Polygonum
persicaria

Potentilla anserina

Puccinellia maritima

Ranunculus acris

Ranunculus baudotii

Ranunculus repens
Rubusdfruticosus
Rumex acetosa

Salicornia europaeus

Scirpus maritimus
Senecio jacobea
Silene dioica
Spartina naritima
Stellaria holostea

Stellaria nemorum
Symphytum
tuberosum
Trifolium repens

Triglochin maritima
Tripleurospermum
maritimum

Ulex europaeus
Urtica dioica
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Species Abb. T3Q4 T3Q5 T3Q6 T3Q7 T4Q1 T4Q2 T4Q3 T40Q4
Agrostis capillaris agr cap 0 0 0 0 100 0 0 0
Agrostis stolonifera  agr sto 0 0 20 0 0 12 0 10
Alopecurus alogen 0 0 0 0 0 0 0 0
geniculatus
ﬁg{t)k:g;(uanr:thum antodo 0 0 0 0 0 0 0 0
Armeria maritima armmar 0 0 0 0 0 0 0 0
Aster tripolium ast tri 0 0 0 0 0 0 0 0
Atriplex hastata atr ha 0 0 0 0 0 0 0 0
Bellis perennis bel per 0 0 0 0 0 0 3 0
Capsella bursa capbur 0 0 0 0 0 0 0 1
pastoris
Cardamine pratense car pra 0 0 0 0 0 0 0 0
Carex distans car dist 0 0 0 0 0 0 0 0
Carex disticha car dis 0 0 0 0 0 0 0 0
Carex flacca car flac 0 0 0 0 0 0 0 0
Carex nigra car nig 0 0 0 0 0 0 0 0
Cirsium arvense cir arv 0 0 0 0 0 0 0 0
Cochlearia anglica  coc ang 0 0 0 0 0 0 0 0
Cochlearia officinalis coc off 0 0 0 0 0 0 0 0
Cynosurus cristatus  cyn cri 0 0 0 0 0 0 0 0
Dactylis glomerata  dac do 0 9 0 0 0 0 0 0
Dryopteris filixmas  dry fil 0 0 0 0 0 0 0 0
Eleocharis uniglumis ele uni 0 0 0 0 0 0 0 0
Elymus pycnanthus ely pyc 0 0 0 0 0 0 0 0
Elymus repens ely rep 0 0 0 0 0 0 0 10
Epilobium epiang 0 0 0 0 0 0 0 0
angustifolium
Equisetum arense equ arv 0 0 0 0 0 0 0 0
Festuca arundinacea fes aru 0 0 0 0 0 0 0 0
Festuca rubra fes rub 0 0 100 55 0 54 0 0
Galium aparine gal apa 0 0 0 0 0 0 0 0
Galium palustre gal pal 0 0 0 0 0 0 0 0
Geranium gerrob 0 0 0 0 0 0 0 0
robertianum
Glaux martima gla mar 0 0 18 0 0 0 0 0
Gyceria declinata gyc dec 0 0 0 0 0 40 0 0
Hedera helix hed hel 0 0 0 0 0 0 0 0
Heracleum hersph 0 0 0 0 0 0 0 0
sphondylium
Holcus lanatus hol lan 35 5 0 0 90 0 0 0
Holcus mollis hol mol 0 0 0 0 0 0 0 0
Juncus gerardi jun ger 0 0 100 0 0 10 0 0
Juncus bufonius jun buf 0 0 0 0 0 0 0 0
Juncus effusus jun eff 100 70 0 0 10 0 0 0
Juncus inflexus jun inf 20 0 0 0 40 0 0 0
Lathyrus pratensis  lat pra 8 0 0 0 0 0 0 0
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Species Abb. T3Q4 T3Q5 T3Q6 T3Q7 T4Q1l T4Q2 T4Q3 T4Q4
&Lj;’u”r;ond;ig leo aut 0 0 0 0 o o 0 o0
Lolium perenne lol per 40 0 0 0 0 0 50 100
Lotus corniculatus lot cor 38 0 0 0 10 0 0 0
Oenanthe lachenallii oen lac 0 0 0 0 0 0 0 0
Phleum pratense phl pra 0 0 0 0 0 0 0 30
Plantago maritima  pla mar 0 0 20 0 0 0 0 0
Poa annua poa ann 0 0 0 0 0 0 0 5
Poa subcaerulea poa sub 0 0 0 0 0 0 0 0
Poa trivialis poa tri 0 0 5 0 0 0 0 0
Polygonum pol per 0 0 0 0 0 0 0 0
persicaria
Potentilla anserina  pot ans 0 0 0 0 8 38 0 0
Puccinellia maritima pucmar 0 0 20 60 0 0 0 0
Ranunculus acris ran acr 0 0 0 0 0 0 0 0
Ranunculus baudotii ran bau 0 0 0 0 0 0 0 0
Ranunculus repens  ran rep 3 3 0 0 0 0 100 0
Rubus fruticosus rub fru 0 0 0 0 0 0 0 0
Rumex acetosa rum ace 0 9 0 0 0 0 0 0
Salicornia europaesl sal eur 0 0 0 0 0 0 0 0
Scirpus maritimus sci mar 0 0 0 0 0 48 0 0
Senecio jacobea sen jac 0 0 0 0 0 0 0 0
Silene dioica sil dio 0 0 0 0 0 0 0 0
Spartina maritima spa mar 0 0 0 0 0 0 0 0
Stellaria holostea ste hol 0 0 0 0 0 0 0 1
Stellaria nemorum  ste nem 0 1 0 0 0 0 0 0
Symphytum symtub 0 0 0 o 0o 0 o0 0
tuberosum
Trifolium repens tri rep 0 0 30 0 0 0 100 29
Triglochin maritima  tri mar 0 0 10 0 0 0 0 0
H;'?:tei%rﬁ;perm“m tri mar 0 0 0 0 0 0 0 20
Ulex europaeus ule eur 0 21 0 0 0 0 0 0
Urtica dioica urt dio 0 0 0 0 0 0 0 0
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Species
Agrostis capillaris

Agrostis stolonifera
Alopecurus
geniculatus
Anthoxanthum
odoratum

Armeria maritima

Aster tripolium
Atriplex hastata

Bellis perennis
Capsella bursa
pastoris

Cardamine pratense
Carex distans

Carex disticha
Carex flacca

Carex nigra

Cirsium arvense
Cochlearia anglica
Cochlearia officinalis
Cynosurus cristatus
Dactylis glomerata
Dryopteris filixmas
Eleocharis uniglumis
Elymus pycnanthus

Elymus repens
Epilobium
angustifolium
Equisetum arvense

Festuca arundinacea

Festuca rubra
Galium aparine

Galium palustre
Geranium
robertianum

Glaux maritima
Gyceria declinata
Hedera helix
Heracleum
sphondylium
Holcus lanatus
Holcus mollis
Juncus gerardi
Juncus bufonius
Juncus effusus
Juncus inflexus
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Appendix 7b

Species Abb. T5Q1 T5Q2 T5Q3 T5Q4 T5Q5 T5Q6 T5Q7 T5Q8
Lathyrus pratensis  lat pra 0 0 0 0 0 0 0 0
;E?u”raond;;ig leoaut 0 0 0 0 4 0 2 0
Lolium perenne lol per 0 0 0 0 0 0 0 0
Lotus corniculatus lot cor 0 0 0 0 0 10 0 0
Oenanthe lachenallii oen lac 0 0 0 0 0 0 2 0
Phleum pratense phl pra 0 0 0 0 0 0 0 0
Plantago maritima  pla mar 0 25 0 0 0 0 0 0
Poa annua poa ann 0 0 0 0 0 0 0 0
Poa subcaerulea poa sub 0 0 0 0 0 0 0 0
Poa trivialis poa tri 0 0 0 0 0 0 0 0
Polygonum polper O 0 0 0 0 0 0 0
persicaria

Potentilla anserina  pot ans 0 0 0 0 0 0 55 4
Puccinellia maritima puc mar 57 100 100 0 0 0 0 0
Ranunculus acris ran acr 0 0 0 0 0 0 0 0
Ranunculus baudotii ran bau 0 0 0 0 0 0 0 0
Ranunculus repens ranrep 0 0 0 0 0 0 0 0
Rubus fruticosus rub fru 0 0 0 0 0 0 0 0
Rumex acetosa rum ace 0 0 0 0 0 0 0 0
Salicornia europaeus sal eur 3 0 4 0 0 0 0 0
Scirpus maritimus sci mar 0 0 0 0 0 0 0 0
Senecio jacobea sen jac 0 0 0 0 0 0 0 0
Silene dioica sil dio 0 0 0 0 0 0 0 0
Spartina maritima spamar O 0 0 0 0 100 0 0
Stellaria holostea ste hol 0 0 0 0 0 0 0 0
Stellaria nemorum  ste nem 0 0 0 0 0 0 0 0
Symphytum symtub 0 0 0 0 0 o o o0
tuberosum

Trifolium repens tri rep 0 0 0 0 3 0 6 10
Triglochin maritima  tri mar 0 0 0 37 10 0 4 0
H;‘?:gr‘;rgﬁqperm“m trimar 0 0 0 0 0 0 0 0
Ulex europaeus ule eur 0 0 0 0 0 0 0 0

Urtica dioica urt dio 0 0 0 0 0 0 0 0
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Species
Agrostis capillaris

Agrostis stolonifera
Alopecurus
geniculatus
Anthoxanthum
odoratum

Armeria maritima
Aster tripolium
Atriplex hastata

Bellis perennis
Capsella bursa
pastoris

Cardamine pratense
Carex distans
Carexdisticha

Carex flacca

Carex nigra

Cirsium arvense
Cochlearia anglica
Cochlearia officinalis
Cynosurus dstatus
Dactylis glomerata
Dryopteris filixmas
Eleocharis uniglumis
Elymus pycnanthus

Elymus repens
Epilobium
angustifolium
Equisetum arvense

Festuca arundinacea

Festuca rubra
Galium aparine

Galium palustre
Geranium
robertianum

Glaux maritima
Gyceria declinata
Hedera helix
Heracleum
sphondylium
Holcus lanatus
Holcus mollis
Juncus gerardi
Juncus bufonius
Juncus effusus
Juncus inflexus
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Species

Lathyrus pratensis
Leontodon
autumnalis

Lolium perenne

Lotus corniculatus
Oenanthe
lachenallii

Phleum patense
Plantago maritima
Poa annua

Poa subcaerulea

Poa trivialis
Polygonum
persicaria

Potentilla ansena
Puccinellia
maritima

Ranunculus acris
Ranunculus
baudotii

Ranunculus repens
Rubus fruticosus

Runex acetosa
Salicornia
europaeus

Scirpus maritimus
Senecio jacobea
Silene dioica
Spartina maritima
Stellaria holostea

Stellaria nemorum
Symphytum
tuberosum
Trifolium repens

Triglochin maritima
Tripleurospermum
maritimum

Ulex europaeus
Urtica dioica
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Species
Agrostis capillaris

Agrostis stolonifera
Alopecurus
geniculatus
Anthoxanthum
odoratum

Armeria maritima
Aster tripolium
Atriplex hastata

Bellis perennis
Capsella bursa
pastoris

Cardamine pratense
Carex distans

Carex disticha
Carex flacca

Carex nigra

Cirsium arvense
Cochlearia anglica
Cochlearia officinalis
Cynosurus cristatus
Dactylis glomerata
Dryopteris filixmas
Eleocharis uniglumis
Elymus pycnanthus
Elymus repens
Epilobium
angustifolium
Equisetum arvense
Festuca arundiacea
Festuca rubra
Galium aparine

Galium palustre
Geranium
robertianum

Glaux maritima
Gyceria declinga
Hedera helix
Heracleum
sphondylium
Holcus lanatus
Holcus mollis
Juncus gerardi
Juncus bufonius
Juncus effusus
Juncus inflexus
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Appendix 7b
Species Abb. T6QR8 T6Q9 T6Q10 T7Q1 T7Q2 T7Q3 T7Q4 T7Q5
Lathyrus pratensis lat pra 0 30 0 0 0 0 0 0
;E?u”raond;;ig leoaut 55 0 0 0 0 0 0 0
Lolium perenne lol per 0 0 3 0 0 0 0 0
Lotus corniculatus lot cor 0 12 0 0 0 0 0 0
giﬂ?ﬁgﬁ cenlac 5 0 0 0 0 0 0 0
Phleum pratense  phl pra 0 0 0 0 0 0 0 0
Plantago maritima  pla mar 0 0 0 0 0 0 0 0
Poa annua poa ann 0 0 0 0 0 0 0 0
Poa subcaerulea  poa sub 16 0 0 0 0 0 30 0
Poa trivialis poa tri 0 0 0 60 53 0 0 0
Polygonum pol per 0 0 0 0 0 0 0 0
persicaria
Potentilla anserina pot ans 10 0 0 0 0 0 0 0
Puccinellia pucmar 0 0 0 0 0 0 0 0
maritima
Ranunculus acris  ran acr 0 0 0 0 17 0 0 7
E:Sggﬁciums ranbau 0 0 0 0 0 0 0 0
Ranunculus repens ran rep 0 20 5 0 0 0 0 0
Rubus fruticosus  rub fru 0 0 0 0 0 0 0 0
Rumex acetosa rum ace 0 0 0 0 0 0 0 0
33:1)05;255 sal eur 0 0 0 0 0 0 0 0
Scirpus maritimus  sci mar 0 0 0 0 0 0 0 0
Senecio jacobea  senjac 0 0 0 0 0 0 0 0
Silene dioica sil dio 0 0 0 0 0 0 0 3
Spartina maritima  spa mar 0 0 0 0 0 0 0 0
Stellaria holostea  ste hol 0 15 20 0 0 0 0 0
Stellaria nemorum  ste nem 0 0 0 0 0 0 0 0
Symphytum symtb 0 0 o o 0o 0 0 0
tuberosum
Trifolium repens tri rep 30 0 0 0 0 0 0 0
Triglochin maritima  tri mar 0 0 0 0 0 0 0 0
H;ﬁ:ﬁ%f;perm“m tri mar 0 0 0 0 0 0 0 0
Ulex europaeus ule eur 0 0 8 0 0 0 0 0

Urtica dioica urt dio 0 0 0 10 8 13 43 5
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Appendix 7c: Environmental variables recorded from sample
guadrats in Caerlaverock.

Line Vegetation layer (m)
transect Soil Conduptivity % Water
& soil depth

Quadrat | PH (usS/ ci Shade (m) Herb | Tallherb| Shrub Tree
number

T1Q1 5.4 127 none | none | 0.077 | 0.873 | 0.883 none
T1Q2 7.39 2704 none none 0.62 none none none
T1Q3 6.41 863 none none 0.223 none none none
T1Q4 7.77 435 none none 0.16 none none none
T1Q5 5.37 247 none none 0.21 none none none
T1Q6 6.78 282 none none none 0.93 none none
T1Q7 7.13 1550 none none 0.31 none none none
T1Q8 7.19 3310 none none 0.13 none none none
T2Q1 7.3 4230 none 0.17 0.5 none none none
T2Q2 7.00 4160 none none 0.09 none none none
T2Q3 6.02 675 56.29 none 0.08 0.75 1.02 none
T2Q4 6.06 3432 50 none 0.21 1.02 none none
T2Q5 6.39 1716 46.60 none 0.04 0.23 0.68 none
T3Q1 6.09 435 17.86 none 0.4 0.68 none none
T3Q2 6.2 130 none none 0.04 none none none
T3Q3 6.2 117 none none 0.12 0.49 none none
T3Q4 551 93 none none 0.04 0.45 none none
T3Q5 5.76 344 40.91 none 0.13 0.68 0.53 none
T3Q6 7.69 551 none none 0.15 none none none
T3Q7 7.92 263 none none 0.06 none none none
T4Q1 5.48 173 none none 0.53 none none none
T4Q2 7.2 1140 none 0.29 0.22 none none none
T4Q3 5.45 96 none none 0.06 none none none
T4Q4 6.17 118 none none 0.17 none none none
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Appendix 7c

Line Vegetation layer (m)
transect . Conductivity Water

& Soil soil % depth

Quadrat | PH (usS/ ci Shade (m) Herb | Tallherb| Shrub Tree
number
T5Q1 6.97 12950 none none 0.02 none none none
T5Q2 7.33 4650 none none 0.12 none none none
T5Q3 7.21 5570 none none 0.02 none none none
T5Q4 6.8 118 none none 0.13 none none none
T5Q5 7.51 2433 none 0.12 none 0.42 none none
T5Q6 7.45 1483 none none 0.17 0.6 none none
T5Q7 6.08 1037 none none 0.13 none none none
T5Q8 6.22 1078 none 0.08 0.12 none none none
T5Q9 5.33 139 10.6 none 0.15 none 0.58 none
T6Q1 7.1 8520 none none 0.05 none none none
T6Q2 6.98 4580 none 0.05 0.12 none none none
T6Q3 7.15 4330 none none 0.08 none none none
T6Q4 7.37 2033 none none 0.16 none none none
T6Q5 6.94 2460 none none 0.21 none none none
T6Q6 7.24 1421 none none none 0.42 none none
T6Q7 7.07 732 none none none 0.55 none none
T6Q8 7.15 1393 none none 0.14 none none none
T6Q9 5.53 651 none none none 0.47 none none
T6Q10 6.4 190 28.32 none 0.07 0.67 0.77 none
T7Q1 5.65 113 29.88 none 0.16 0.65 none 5
T7Q2 6.37 165 19.70 none 0.26 1.4 none 7
T7Q3 6.5 112 5.88 none 0.19 1.18 none 4
T7Q4 6.05 222 17.04 none 0.16 1.1 none 4
T7Q5 5.57 242 7.6 none none 0.92 none 8
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Appendix 8: TWINSPAN Analysis depicting final Table from 48
guadrats in Caerlaverock Reserve

Plant species ifirst column), entries in the table are the pseudospecies levels not
guantitative valueghe right and bottom sides define the dendrogram of the classification
of species and samples, respectively

777377122235346634411135645661125556611332566556

QRRARQARAQQAQQAQQQRQAQAQAQAQQAQQRAQQAQQQQQQAQRQRQARQARARAQRAQRQQ
512134135459419133445626627783824584527671223131

444144 111131244122 1332344 122333 12 233223
845467113283 712363445650921013808927827909656574

22 fest aru - 5- B 5------ 0000
27 ranu acr 3 - 4--me- R 4-5 000100
8 sene jac = --—-- K 5----- 2 000101
23¢cyno cri e 55 000101
29 bell per 2 —-emeeeee- 42-- 455 000101
30lath pra --—-eemeeeee- 5-memm- 4 000101
3llath pal - 3 4 000101
53 loli per = e 45-- 2455--- 5 000101
57 phle pra - 5 000101
58 trip mar = e 5 000101
59 caps bur = e 1 000101
60 poa annu  ---m-mmmmememeeee- 3 000101
2cirs arv. - 54 ------- 5----- 5 000110
delymrep - 3 4e- 4 000110
24 holc lan ~ -------- 4- 3555555 -- 53-2 000110
41 junc eff - 5-55354-5 000110
44 gali pal e e e 000110
46 junc inf e 4-- 5552 000110
47 symp tub 3 000110
50 stel hol ~  -------- 2----- 45-- 1 000110
54 anth odo - e 4 2 000110
55rume ace @ - 3 000110
lulex eur - 555454 --- 3 000111
6 ranu rep === 4= B4-- 2-2-5335 --mmemmmmmmemees e 000111
7 stel nem - 4--- 1 000111
37 junc buf 5 000111
38 card pra 2 000111
39 equi arv. - 1--—--- 3 000111
40 rubu fru 3 000111
42 poly per 3 000111
43 epil ang 2o e 000111
49 lotu sub 4 000111
51 dact glo - B 35 1 000111
17 agro cap ------- 555--- 5-mememmeee 5- B 001
21 lotu cor --mmemeeeee- 544 -------- 45 e 001
45 eleo uni 5 B 001
5 poa triv -55--- 5-5 3o 0100
3urti dio 343545552  c-eememeeeeeee 01010
52 gali apa - 24433 --------- 2 010110
68 holc mol - 43 010110
69 dryo fil 1 - 22 010111
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Appendix 8

70 hede hel 3
71 hera sph
72 gera rob 4
73 sile dio

67 elym pyc
16 trif rep
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Appendix 9: TWINSPAN groups in Caerlaverock Reseve with
El | e n b edicgtér values for light --L; Moisture -- F; and Salt i
S, (Source: Hill et al., 1999).

Abbreviation

Group | Species L F S
name
Bellis perennid.. bell pere 8 5 0
Dactylis glomerata L. dact glom 7 5 0
Dryopteris filixmas(L.) Schott dryo fili 5 6 0
Elymus pycnanthu&odr.
Bgrkworﬁ)ﬁ/ < : elym pycn
Equisetum arvende equi arve 7 6 0
Galium aparine L. gali apar 6 6 0
Hedera helixL. hede heli 4 5 0
1 Heracleum sphondyliunt. hera spho 7 5 0
Holcus mollisL. holc moll 6 6 0
Poa subcaerulegSmith. poa subc 7 5 0
Poa trivialis L. poa triv 7 6 0
Ranunculus acri& ranu acri 7 6 0
Ranunculus reperls ranu repe 6 7 0
Geranium robertianunh gera robe 5 6 0
Silene dioicgL.) Clairv. sile dioi 5 6 0
Urtica dioica L. urti dioi 6 6 0
Agrostis capillarisL. agro capi 6 5 0
Armeria maritima(Mill.) Willd. arme mari 8 7 3
Cardamine pratensk. card prat 7 8 0
Eleocharis uniglumigLink) Schult. | eleo unig 8 9 3
EpilobiumangustifoliumL. epil angu 6 5 0
Equisetum arvende equi arve 7 6 0
Galium aparine L. gali apar 6 6 0
Galium palustrd.. gali palu 7 9 0
Gyceria declinataBreb. gyce decl 7 8 0
Juncus bufoniuk. junc bufo 7 7 1
5 Juncus effusus. junc effu 7 7 0
Juncus inflexus. junc infl 7 7 1
Leontodon autumnalis. leon autu 8 6 1
Lotus corniculatud.. lotu corn 7 4 1
Lotus subbiflorud.ag. lotu subb 7 5 0
Polygonum persicarid. poly peri 7 8 0
Rubus fruticosus. rubu frut 6 6 0
Rumex aceta L. rume acet 7 5 0
Stellaria nemorunt. stel nemo 4 6 0
Symphytum tuberosuim symp tube 6 6 0
Ulex europaeus. ulex euro 7 5 0
Urtica dioica L. urti dioi 6 6 0
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Appendix 9:
Group | Species Abbreviation L F S
name
Agrostis stoloniferd.. ago stol 7 6 1
Anthoxanthum odoratum L. anth odor 7 6 0
Bellis perennid.. bell pere 8 5 0
E:AZ%?EIIa bursagpastoris(L.) caps bura - 5 0
Carex flaccaSchreb. care flacc 7 5 0
Carex nigra(L.) Reichard. care nigr 7 8 0
Cirsium arvenséL.) Scop. cirs arve 8 6 0
Cynosurus cristatuk. Cyno cris 7 5 0
Dactylis glomerata L. dact glom 7 5 0
Elymus repenéL.) Gould. elym repe 7 5 2
Festuca arundinace&chreb. fest arun 8 6 1
Festuca rubra_. fest rubr 8 5 2
3 Holcus lanatud.. holc lana 7 6 0
Lathyrus palustrid.. lath palu 7 9 0
Lathyrus pratensis. lath prat 7 6 0
Lolium perennd.. loli pere 8 5 0
Oenanthe lachenalliC.Gmelin. oena lach 8 8 3
Phleum pretensk. phle prat 8 5 0
Poa annud.. poa annu 7 5 1
Potentilla arserinalL. pote anse 8 7 2
Ranunculus acrit ranu acri 7 6 0
Ranunculus repens L. ranu repe 6 7 0
Senecio jacobesl. sene jaco 7 4 0
Stellaria holosted.. stel holo 5 5 0
Trifolium repend.. trif repe 7 5 0
Agrostis capillarisL. agrocapi 6 5 0
Agrostis stoloniferd.. agro stol 7 6 1
Alopecurus geniculatus. alop geni 8 7 1
Armeria maritima(Mill.) Willd. arme matri 8 7 3
Atriplex hastatd.. atri hast 8 7 2
Carex distang.. care distn 8 6 3
Carex distichaHuds care dist 7 8 0
Carex flaccaSchreb. care flacc 7 5 0
4 Carex nigra(L.) Reichard. care nigr 7 8 0
Cochlearia anglica.. coch angl 8 8 6
Eleocharis uniglumigLink) Schult. | eleo unig 8 9 3
Elymus pycnanthu&odr.
Bei/rkworﬁ)ﬁ/ < : elym pycn
Festuca rubra_. fed rubr 8 5 2
Glaux maritimaL. glau mari 8 7 4
Gyceria declinataBreb. gyce decl 7 8 0
Juncus gerardLoisel. junc gera 8 7 3
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Appendix 9:
Group | Species Abbreviation L F S
name

Leontodon autumnalis. leon autu 8 6 1
Lotus corniculatud.. lotu corn 7 4 1
Oenanthe lachenalliC.Gmelin. oena lach 8 8 3
Plantago maritimal. plan mari 8 7 3
Poa subcaerulegSmith. poa subc 7 5 0
Poa trivialis L. poa triv 7 6 0
Potentilla anserind.. pote anse 8 7 2
E;ﬁcmellla maritima(Hudson) puce mari 9 8 5
Ranunculus baudotodr. ranu baud 7 11 4
Scirpus maritimug. scir mari 8 10 4
Spartina maritimgCurtis) Fernald.| spar mari 9 9 6
Trifolium repend.. trif repe 7 5 0

Tripleurospermum maritimurgk.) . .
W.D.J.Koch trip mari 8 .
Armeria maritima(Mill.) Willd. arme mari 8 7 3
Aster tripoliumL. aste trip 9 8 5
Cochlearia officinalid_. coch offi 8 6 3
Festuca rubrda_. fest rubr 8 5 2
5 Glaux maritimalL. glau mari 8 7 4
Plantago maritima.. plan mari 8 7 3
El;(r:lcmellla maritima(Hudson) puce mari 9 8 5
Salicornia europaeé. sali euro 9 8 9
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Appendix 10: Shows results from digitized polygons A, B and C of

Figure 3-5 five times and Figure 38 four times.

Wicken Fen 1984

A digitizing | Area of | Area of Area of | Total area
No. polygon | polygon polygon | of three
A (m?) B (m?) C (m? polygons
m
1 10045 85744 50992 146784
2 10102 90106 48046 148254
3 10169 91007 47902 149078
4 10294 86789 52178 149261
5 10104 90849 467% 147752
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Appendix 10

Wicken Fen 2009

A digitizing Area of Area of Area of | Total area
No. polygon polygon polygon | of three
A (m?) B (m?) C (m? polygons
m
1 85055 14465 7693 107213
2 85195 14446 7572 107213
3 85194 14598 7636 107428
4 85068 14473 7547 107088




