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Abstract

To investigate the functional ecology of euhydrophyte communities in European
riverine wetlands six study catchments were chosen. Of these, four were the target
sites of a European Community research project investigating the 'Functional
Analysis of European Wetland Ecosystems' to which this project was allied. These
sites cover a range of climatic conditions from eu-oceanic to semi-arid. Within the
six catchments, 37 sampling sites were located in total. Sampling sites exhibited a
range of flow velocities, trophic states, water depths and water qualities.

During 1992 and 1993 a field survey involving repeated visits to all the sites was
conducted. At each site, euhydrophyte plant communities were recorded, other
plant species present below the water line were recorded, a suite of environmental
variables was assessed, and morphological traits measured on selected species.
Sites were visited between two and eight times over the two year period. A total
of 54 euhydrophyte species were recorded.

TWINSPAN was used to classify sites by their constituent species, and was found
to strongly reflect geographical location. Canonical Correspondence Analysis
showed that no single environmental factor was controlling community
composition, although the most influential of those measured were flow,
conductivity, water phosphate levels, sediment texture, depth, sediment organic
matter, level of light received at the substrate and pH. Species were ranked along
selected gradients.

An extensive review of research published on euhydrophytes was used to compile
a table of euhydrophyte traits and assign to them a fuzzy coded value. These
included morphological, life history, physiological and regenerative traits. Traits
concerned with the established phase of the life cycle were used to classify
euhydrophytes into six groups, termed functional groups, using non-hierarchical
clustering methods. The homogeneity of these groups was investigated using a
Principal Components Analysis. A linear discriminant analysis provided
equations, using a subset of the original traits, to predict functional group
membership for new species. Morphological traits measured in the field survey
were tested for their value as indicators of functional group, but were found to be
poor descriptors.



Glasshouse experiments on established phase plants were used to investigate the
response of selected species to the pressures of competition, stress and disturbance.
Species responses were measured in terms of total biomass, plant length and
biomass allocation. The results could be used to improve the knowledge of species
strategy sensu Grime (1979).

Regenerative phase traits, taken from the published literature, were also used to
classify euhydrophyte species using a non-hierarchical clustering method.
Examination of these groups showed them to be quite heterogeneous in
composition. Comparison with groupings achieved using established phase traits
only and using established and regenerative phase traits in combination, showed a
grouping from established phase traits to be most homogenous. This was
attributed to the poor data available on regenerative phase traits. Few strong
correlations existed between established and juvenile phase traits.

Two aspects of regenerative biology were investigated experimentally. The rooting
rate of fragments did not show any correlation with flow velocity, stress index or
disturbance index. The seed banks from a range of sites were quantified using
seedling emergence techniques. Flooding depth had a severe effect on the numbers
of seedlings emerging and on species richness. A permanent seed bank was
demonstrated for a number of euhydrophytes. The contribution of the seed bank to
population maintenance in euhydrophytes was found to be small, but potentially
critical, particularly in seasonal water bodies or following natural catastrophe, or
artificial disturbance. The seed bank of permanently submerged sites was higher
than suggested from previous studies and may have potential for wetland
restoration.

The contribution of each functional group was used to classify sites into Functional
Vegetation Types (FVTs). Predictive equations were constructed, using linear
discriminant analysis, to allow new sites to be assigned to an FVT on the basis of
their functional group composition. These were found to be unrelated to
geographical location. The FVTs showed recognisable associations to particular
habitat conditions. In many sites a variety of the functional groups were present,
possibly indicating within-site heterogeneity of environmental conditions.

A field survey was carried out in the Czech and Slovak Republics in 1994. Fifteen

sites were visited and data on community composition, euhydrophyte
morphological traits and environmental variables was collected. This was
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comparable to the 1992/93 survey and was used as a test data set. Morphological
traits measured in the field were again found to be inadequate indicators of
functional group. The relationship of functional groups to environmental gradients
described from the original survey was largely supported. The necessity for
collection of comparable data on euhydrophyte traits, particularly regenerative
traits is emphasised.
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Chapter 1
INTRODUCTION
1.1 Introduction

This project was run in association with a cross-disciplinary EC funded project
investigating the functioning of European riverine wetlands, led by Dr E. Maltby at
the University of Exeter. The present study concemns itself with the open water
habitats (both temporary and permanent) associated with the wetlands, and as such
was outside the direct scope of the EC project.

The original sites investigated covered a range of climatic and environmental
conditions. Two sites were located in Ireland on the Rivers Shannon and Little
Brosna. In Scotland the Endrick marshes at the south end of Loch Lomond, and the
Insh marshes on the River Spey were studied. The English sites were associated
with the River Torridge, in North Devon. In France wetlands on the River Loire
and its tributary the Allier were visited, and in central Spain an area of wetland on
the Giguela river. The sites in Ireland, England, France and Spain were part of the
EC project. An additional and independent data set was collected in the Czech and
Slovak Republics in May/June 1994, with the collaboration of the Institute of
Hydrobotany, Czech Academy of Science, Trebon, Czech Republic. Figure 1.1
shows the location of the study areas in a European context.



Figure 1.1 Riverine wetland study sites and test sites

Insh marshes, Strathspey

Endrick marshes, Loch Lomond

Clonmacnoise and Little Brosna callows, R. Shannon
R. Torridge headwaters

R. Loire and R. Allier floodplains

El Masegar, R. Giguela

Test sites in Czech and Slovak Republics



1.2 Aims

This study set out to examine aspects of the functional ecology of euhydrophyte
plant communities in European riverine wetlands by assessing the applicability, to
aquatic taxa, of an approach that has been widely and successfully used for
terrestrial groups. Functional ecology can be divided into three basic components:
1) construction of trait matrices through screening; 2) exploration of empirical
relationships among these traits; and 3) determination of the relationship between
traits and environment. (Keddy 1992a). The research presented in this thesis covers
these three components. In studies of community ecology there is frequently a lack
of emphasis on clearly defined questions (Keddy 1987) so in this study I have
attempted, from the outset, to clearly outline the questions and design a research
programme aimed at resolving them. The basic questions to be addressed are as
follows:

1. Can euhydrophyte plants be grouped into ecologically meaningful assemblages
(functional groups) using functional and morphological traits?

2. How do the functional groups defined for euhydrophytes relate to the
environment they are inhabiting and is this predictable?

3. Are the relative proportions of strategies displayed at a site (or functional
vegetation types) as useful as full species composition for purposes of assessment
and prediction?

1.3 Research outline
Four main areas of investigation were covered in this study:

1. A survey of plant communities in the wetland sites and the environmental
characteristics of these sites.

2. A study of the established phase strategies of euhydrophyte plants using field
measurements, greenhouse experiments and information from the published
literature.

3. A study of juvenile phase traits using greenhouse experiments and information
from the published literature. A study of regeneration from the seedbank addresses
both the types of seed/propagule bank possessed by euhydrophytes, and the role of
the seedbank in aquatic habitats. "



4. Testing, at an independent site, the accuracy of predictions of aquatic plant
strategies.

1. 4 Euhydrophyte ecology and classification

Water plants were defined by den Hartog and Segal (1964) as 'plants which are
able to achieve their generative cycle when all vegetative parts are submerged or
are supported by the water, or which occur normally submerged but are induced to
reproduce sexually when their vegetative parts are dying due to emersion.' This
was the basis of the definition of the term 'euhydrophyte' proposed by Denny (1985)
to include all plants that are either completely submerged (except for their
inflorescences), whether rooted or free-floating; or have floating leaves which are
anchored to the substrate. For the purposes of this study all free floating species
are included as euhydrophytes. The use of the defined term euhydrophyte will
avoid the ambiguity sometimes arising from the term macrophyte.

Early work on aquatic macrophyte ecology was undertaken by Arber (1920) and
Butcher (1933). A thorough general ecology text was produced by Sculthorpe
(1967), which is still a standard text. Guides to identification are provided by
Haslam, Sinker and Wolsey (1975) and Cook ef al. (1974). Other relevant works
deal with general aquatic ecology (Hynes 1960; Reimer 1984; Symoens 1988; Moss
1988; Ellenberg 1988; Jeffries and Mills 1990), river ecology (Hynes 1970; Holmes
and Whitton 1977; Whitton 1979; Haslam 1987), plants of standing waters (Palmer,
Bell and Butterfield 1992) and management of aquatic weeds (Mitchell 1974,
Pieterse and Murphy 1990). Relevant information is also available from work on
euhydrophyte taxa in lake ecosystems (Hutchinson 1975, Spence 1967, 1982,
Pearsall 1920). Spence (1964) and Palmer et al. (1993) deal particularly with
aquatic macrophytes in Scotland.

As this work aims to derive a classification of aquatic plants based on functional
attributes it is necessary to be fully aware of other criteria that have been used to
group euhydrophytes. As noted by Sculthorpe (1967) ‘it should be appreciated that
the bewildering diversity of habit and plasticity of organisation sorely frustrate
any attempt to construct a precise biological classification of this heterogeneous
group.' As a result, a number of classifications of aquatic macrophytes have been
employed in the past. Those occurring most commonly in the literature are dealt
with here. They are divided into three approaches by Hynes (1970); spatial,



Luther (1949) divides macrophytes into rhizophytes (rooted to the substrate),
haptophytes (attached to, but not penetrating, a solid surface) and planophytes (free
floating). Planophytes are sub divided into small planktophytes and large
pleustophytes. But exchange can occur between these classes, for instance
Ceratophyllum and Utricularia species (pleustophytes) can anchor themselves in
silt and Flodea and Myriophyllum species (rhizophytes) behave as pleustophytes
when fragmented (Sculthorpe 1967). Du Reitz (1931) used a system of growth
form classification named by a representative genus, such as the isoetid form or the
lemnid form. Barkman (1988) proposed a classification based mainly on
morphological features which aimed to be a compromise between a practical and a
logical system. Best (1988), Sculthorpe (1967) and Hutchinson (1975) provide
reviews of classification and Hutchinson went on to devise his own ecological
classification based on earlier schemes.

These various classifications are used in many works on euhydrophyte ecology but
are not always a relevant way of grouping the populations under study. Taxonomic
classifications are largely reliant on ecologically trivial characters (Grime and
Hodgson 1987) while a functional classification aims to be more closely related to
the ecology of the population regardless of its specific affinity. A functional
classification can also be much more generally applicable than taxonomic studies,
that are limited by the geographical ranges of species (Keddy 1992a). The theory
behind this more recent approach will be dealt with in some detail in Chapter 4.
Attribute-based approaches have only rarely been applied to aquatic river
macrophyte vegetation (Wiegleb 1988). Hence this work is of an exploratory
nature dealing with the viability of a functional classification of euhydrophyte
species and the first stages of forming one.

Many studies in plant ecology are concerned with finding correlations between
environment and community (whether it is described in functional or
phytosociological terms); these studies, by their nature can only generate '
hypotheses. This approach cannot contribute to ecological theory unless current
vegetation theories are considered in study design and experimental tests are also
included (Austin 1987). The theories being explored are detailed in Chapter 4 while
Chapter 9 tests the hypotheses laid out in the preceding chapters on an independent
field data set. Chapter 5 presents an experimental approach that can be used to
quantify the relationships’ postulated. While the hypotheses have been tested as far
as possible, it is emphasised that more rigorous testing of individual parameters is
necessary to verify the relations suggested.
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Chapter 2
SITE DESCRIPTIONS
2.1 Mid-Shannon, Ireland

Sites were situated in central Ireland, on the river Shannon and one of its
tributaries, the Little Brosna. The climate is oceanic although drier than the rest of
Ireland, with a mean annual rainfall under 850 mm (although increasing to over
1400mm in the Slieve Bloom mountains in the east of the catchment). The
underlying rock is generally Carboniferous Limestone with some volcanic
intrusions. Deep ground water flow occurs through the limestone, which influences
water chemistry (Hoyer 1991). The flood plain is bounded in many places by
esker ridges formed during the last Ice Age, which are in evidence at both the
study sites. The extraction of gravel from pits in the eskers along the Little Brosna
may have changed the composition of the groundwater in recent years, making it
less calcareous. FolloWing the Ice Age much of the present flood plain was
covered with gravel and boulder clay and filled with melt waters forming a large
lake. Lake clays were deposited first and as the water levels fell, calcareous lake
marl was laid down. As the lake turned to swamp, peat development started and
until early this century much of the lowland area consisted of raised bog. With the
onset of mechanical cutting of the peat in the middle of this century the raised bogs
were quickly fragmented and today only a small percentage remain. The area is
sparsely populated and agriculture is extensive. Water management has been by
individual farmer by means of ditches, which criss-cross the flood plain. In
comparison to most European rivers the Shannon is relatively clean, with little
industrial pollution (Heery 1993). The main pressures on water quality are
sewage waste, which at present is low but may increase as the level of water-
related tourism rises, and an increased load of organic sediment due to the peat
cutting industry. At a lesser level, agricultural wastes spread on the land are
quickly transported to the watercourse before they can become bound into the soil.
Fertilizer use is currently relatively small, but increasing use, together with
herbicides may contribute to future degradation of water quality. The chemistry of
the Shannon is measured by the Environmental Research Unit of An Foras
Forbatha (Dublin). They record gradients from Athlone to Portumna of
conductivity (350-450 puScm-1), total hardness (170-210 mgl-1 CaCO3), NO, and
NOj3 (0.4-0.8 mg I'1 N) and a pH varying around 8 (ERU 1990).



The two main study sites were located at Clonmacnoise (Plate 1) on the River
Shannon (53°20'N, 7°58'W), and close to Newtown on the Little Brosna (53°8'N,
7055'W) and both lie at an altitude of less than 40m. The sites are river 'callows'
(from the Irish word 'caladh' meaning a river meadow, or alternatively a landing
place (Heery 1993)). These are wetland areas that are drained to some extent and
used for hay and pasture. Many Irish callows were lost to agricultural
improvement between 1950 and 1970. The Shannon and Little Brosna callows
remain, probably more due to the difficulties in taming them than anything else
(Heery 1993). The callows flood regularly each autumn (Plate 2), and these floods
can continue well into the following growing season. Water levels in winter can be
two metres above the summer level. Flash floods in the summer months, with up
to a metre change in level, are also a relatively common occurrence. Due to the
flatness of the callows, during the flooding season (3 - 6 months), the width of the
river expands by three quarters of a kilometre on average (Hoyer 1991). As a
result of extensive peat cutting in the Shannon catchment during recent decades,
the callows are now receiving a higher sediment load than previously. This could
have a number of effects such as changing the nutrient levels, affecting the
underwater light climate and silting up drains.

In terms of plant life the aquatic habitats of the callows have been given very little
attention (Heery 1993). The sample sites selected for the present study are mainly
on ditches in the callows (Plates 3 and 4). The character of these ditches varies
with respect to flow, depth and width. In some the white lake marl is exposed at
the surface, while in others it is overlain by dark peat deposits. A lot of emergent
vegetation is also present in these ditches. As the water levels can fluctuate quite
dramatically both within and between seasons, these ditches appear to support
quite dynamic communities. Sample sites were also located in stretches of both
rivers. An additional site was located at Bullock Island, which is a backwater of

‘the Shannon close to Banagher.

Visits were made to the sites in April and June 1992 and May and July 1993.



Figure 2.1 a) Location of the study sites on rivers Shannon and Little Brosna.
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Plate 1: River callows at Clonmacnoise, Ireland. River Shannon in the
background and drainage ditches running across the picture in the foreground.
April 1992.

Plate 2: Little Brosna river (ilbr) in the foreground showing extensive flooding
of callows on the opposite side of the river. September 1994. Photo N. Willby.
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Plate 3: Top end of drainage ditch, Little Brosna callows (ilbd2). Species include
Potamogeton coloratus, Baldellia ranunculoides, Chara hispida.
Photo: N. Willby, July 1994.

Plate 4: Bottom of drainage ditch, Little Brosna callows (ilbd3). Species include
Hippuris vulgaris, Myriophyllum verticillatum, Lemna minor, Hydrocharis
morsus-ranae.

Photo: N. Willby, July 1994.

Plate 5: River Torridge at Bradford Mill (ebmr) with Ranunculus penicillatus in
the foreground. June 1992
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2.2 Torridge Headwaters, England

The sites were located on the upper reaches of the River Torridge, Devon. The
climate is wet and mild with a mean annual rainfall of 1113 mm, of which 43.6%
falls between October and January (inclusive). The bioclimatic classification of the
Upper Torridge is euoceanic, slightly cool, exposed and moderately moist. The
underlying rocks are Upper Carboniferous Culm measures (sandstones and shales)
overlain by head deposit. Much of the water movement is surface water flow
intercepted by land drains and field ditches, or shallow ground water movement.
Both pathways allow agricultural pollutants to move relatively quickly into the
watercourse. The floodplain is susceptible to winter and spring flooding. The
Upper Torridge catchment is in an area dominated by intensive dairy farming and
water quality has declined markedly since the 1960's, possibly due to agricultural
intensification (FAEWE 1990a). Chemical data for 1992 and 1993 were made
available by the National Rivers Authority (South West region), and show nitrates
present at up to 3.2 mg 11 close to Bradford Mill. Ortho-phosphate did not exceed
0.14 mg -! and was generally lower than 0.05 mg 1-1. All the stretches of river
surveyed are classed as NWC class 1B by the NRA.

Three study areas were used within the catchment, all at an altitude of around 55m.
The Kismeldon site (50°55'N,4°20'W), on the south bank of the River Torridge, is
a traditionally managed wet area with field ditches. Some parts are designated
SSSI's for their botanical value. The second site (Plate 5), at Bradford Mill
(50055'N,4°15'W), is just downstream of the confluence of the Waldon (a major
tributary) and the Torridge. It is a wet meadow area, prone to seasonal flooding in
winter and spring. The last site is an oxbow at Hele Bridge (50°53'N,4°15'W),
created in the early nineteenth century when the river was straightened to allow
bridge construction (FAEWE 1990a). The adjacent land is arable, supporting
mainly winter cereals. The variety of open water types associated with the
Torridge wetland areas under study is less varied than in the other catchments. The
flora is also less diverse. Sampling sites were established on four stretches along
the Torridge, in a temporary oxbow in Kismeldon meadows and the larger oxbow
at Hele bridge.

Visits were made to the sites in March, June and July 1992 and July 1993.
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2.3 Insh Marshes, Scotland

The site (Plate 6) lies in the Badenoch district of Highland region, between
Kincraig and Kingussie (57°0'N, 4°0'W), at an altitude of about 230 m (Ratcliffe
1977). Within the marshes there exists about 67 ha of open water and 16 ha of
watercourse, of which 12 km is river and 9.25 km ditch (Wood and Evans 1989).
The climate is cool with a mean annual rainfall of 1300 mm.

Attempts were made in the 19th century to drain the marshes and indeed by 1835
much of the area was well drained and could support rich cropping (Gibbons
1993). However the flood defence and engineering works gradually fell into
disrepair (although much is still visible) and the area gradually assumed its former
marshy character. The larger drainage ditches remain and are dredged on a 10 - 20
year cycle, but were not cleared during the period of study (or in the preceeding 3
years). The marshes are of relatively base-rich, rather than acid, peat and the
lochans support a more diverse plant life than lochans on moorland peat (Charter
1988). The mosaic of open water bodies and wet fen and marsh communities
comprise the largest single unit of poor-fen flood plain mire in Britain (Fojt 1988).
There is a diverse range of freshwater plant species and communities present, with
at least six major communities of freshwater plants (Murphy and Hudson 1991).
A number of species rare or uncommon on a national basis, in particular Pilulifera
globulifera L., Nuphar pumila (Timm) DC., Potamogeton filiformis Pers., and
Subularia aquatica L. are mentioned in reserve records. This places the marshes in
the nationally important category on freshwater botanical grounds. The site is
recognised to be of international importance as a major European example of a

_little damaged riverine wetland with an unbroken gradient of plant communities on

the sere from open water to fen and carr (Murphy and Hudson 1991; Commission
of the European Community 1991). In a Scottish context (and even within the
Spey valley), the Insh marshes constitute a unique assemblage of waterbodies
(Charter 1988). The Spey itself is fast to moderate flowing, experiencing heavy
spates in winter, with a stone and gravel bed, but the flow slows as the river
approaches Loch Insh. It is mesotrophic in nature with Myriophyllum alterniflorum
the dominant species (Ratcliffe 1977).

Most of the site lies within the RSPB reserve (Fig 2.2) and was designated an SSSI
in 1963. A number of previous studies have been carried out on the marshes
(Ratcliffe 1981; Page and Reiley 1985; Charter 1988; Fojt 1989; Wood and Evans
1989); the most recent, by Murphy and Hudson (1991), concentrates on the
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aquatic plants present and brings together data from the previous surveys.
Chemical information was made available by the North East River Purification
Board. Relevant sampling points are located on the Spey at Kingussie, Insh drain
at Insh and Farletter and on the River Tromie (which feeds the Spey above the
marshes). The NERPB 1990 Annual Report assigns mean chemical indices of 91
and 84 to the drain at Insh and Farletter respectively (on a scale of 1 - 100 with
100 as clean). The Tromie and the Spey both scored 97. The Insh drain receives
effluent from Insh sewage treatment works, with a resultant decline in water
quality. In 1993 the mean water Quality Index of the drain was 92 upstream of the
Insh surface water treatment works and 87 downstream. Overall, in the Upper
Spey catchment, there has recently been a large increase in the number of water
quality complaints, with inadequate sewage treatment facilities to cope with
tourism and distillery effluents being mainly to blame. Charter (1988) records the
rise of Aviemore as a tourist centre and the associated increase in water sports on
Loch Insh as direct factors affecting the loch, but also notes land use changes in
the catchment, particularly grassland improvement, an increase in conifer
afforrestation and some shift to arable farming as potential threats to water quality.
In general the waters are of good quality, with a lower pH, conductivity and
alkalinity than the second Scottish site associated with the River Endrick. Daily
water level readings have been taken by the RSPB for the last 10 years. These raw
data were made available and are presented graphically in Fig 2.3. showing the
rapid, dramatic changes in water level that can be experienced particularly in the
spring and autumn.

Recent proposals for a flood alleviation scheme have, to date, been refused but it
seems likely that construction of such a scheme will take place in the near future,
probably involving channelisation of the river. The impacts of this scheme on the
aquatic maéfophyte communities have been assessed by Murphy and Hudson
(1991). They conclude that a change of <+ 0.1 m in low flow would be highly
unlikely to produce any measurable impact on plant communities. A more
substantial decrease in water levels (0.5 - 0.75 m in low flow) as predicted by
some options of the flood alleviation scheme would lead to a decrease in the
submerged macrophyte communities of lochs, lochans, ditches and temporary
standing waters and a shift in habitat occupancy by the floating leaved community
due to accelerated hydroseral effects. The ability of the community to cope with
this movement would be largely dependent on the speed and amplitude of the
water level change, and the occurrence of any compounding disturbance events,
such as a severe drought.
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The sampling sites (Fig 2.2) include both lentic and lotic habitats covering the
river channel, an oxbow, two lochans (Plates 7), a stretch of the Insh drain which
runs along one side of the marsh into Loch Insh and a small, shallow pond (Plate
8). This covers most of the water body types present on the marsh.

Visits to the site were made in October 1991, March, May, July and September
1992; June and July 1993.
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Fig. 2.2 Map of Insh marshes showing location of sampling sites. For site codes see Table 2.1.
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Plate 6: Insh marshes looking north from the B970. Insh drain in foreground.
March 1992.

Plate 7: Lochan, Insh marshes, Scotland.
Photo: J. Hills, July 1993.

Plate 8: Shallow pool (cimwp), Insh marshes, Scotland.
Photo: J. Hills, July 1993
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2.4 Endrick Marshes, Scotland.

The Endrick marshes (56°0'N, 4°25'W) are situated NW of Glasgow at an altitude
of about 10m and have a climate fairly typical of west Scotland. It is cool and wet
with air temperatures varying from just below freezing to about 25C and a mean
annual rainfall of 1300 mm (Maitland 1966). In their review of internationally
important waterbodies Luther and Rzdska (1971) consider Loch Lomond to be of
importance for its relatively undisturbed nature and its use as a research resource.

The river has a catchment of 26,700 ha. The underlying rock is Old Red Sandstone
mostly overlain by glacial and alluvial deposits. The substrate at the sampling sites
is fine sand and silt as might be expected in the lower reaches of a river. The
gradient as it flows through the marshes is 1 in 3000 (Ratcliffe, 1977). High water
levels in spring and autumn can reduce the amount of work that can be undertaken,
particularly at Wards Ponds, where access becomes difficult. This site is a diverse
mixture of open water areas, including the river channel of Endrick Water itself,
oxbow lakes, various drains, a large area of ponds and a small bay at the mouth of
the Endrick which, although it is strictly a lacustrine habitat, has been included to
provide an example of a community at the interface between river and lake
systems.

The sites south of the river have been managed by Scottish Natural Heritage
(previously the Nature Conservancy Council) as a National Nature Reserve since
1962, and the north side was designated in 1977. Drains were installed in the
marshes in about 1835 but had largely fallen into disrepair by the 1920's. After this
Wards ponds (Plate 9) were used as flighting ponds for wild fowling (as were
areas to the south of the river). The drainage system has been repaired by Scottish
Natural Heritage (Plate 10) with new embankments in the Aber bogs. Building of
these embankments led to the creation of winning ditches as earth was excavated
(John Mitchell, pers. comm.). Sluice gates allow control of the water levels in the
marshes. Management of the surrounding farmland is quite different on either side
of the river, with applications of fertiliser heavier on the more intensively managed
land to the south. Although this land is presently given over to animal husbandry
in the past it was under arable crops and was one of the most productive areas in
the parish, and probably the most heavily fertilised. Silage production has also
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largely replaced hay, with attendant threats of watercourse pollution (John
Mitchell, pers. comm.).

Water quality data was supplied by the Clyde River Purification Board for its
sampling stations at Drymen Bridge and Buchanan Castle. Data for the last five
years at Buchanan castle show little change in water chemistry. In its second water
quality report the Clyde River Purification Board (1985) describes the Endrick
Water as a 'very clean river'. The main discharges it receives in this stretch are
effluent from Drymen, Buchanan Castle and Gartocharn (via the Aber Burn)
sewage treatment works. Pollution entering the river through the Aber Burn would
not show up in the River Board monitoring as their last station is at Drymen
Bridge upstream from the confluence. Concern has been expressed by the reserve
warden over the impact of increased sewage loading on the Aber Burn from
Gartocharn sewage works as the population of Drymen grows. T¢ minimise the
impact on the reserve the Aber Burn has been diverted to flow around the
periphery of the reserve (John Mitchell, pers. comm.). A sampling site was located
on the burn and heavy algal growth was noted in the summer months.

The sites chosen cover gradients in flow rate, depth and pollution. The drains in
particular have varying loads of agricultural and sewage pollutants and the
difference in the vegetation between those drains that carry sewage effluent from
nearby Drymen and the cleaner drains at Balmaha is apparent. Six separate
sampling locations have been used within the marshes (Fig 2.4).

Visits were made to the site in October 1991, June, August, September 1992, July
and September 1993.
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Figure 2.4 Map of the Endrick marshes showing sampling site locations. For site codes see Table
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Plate 9: Wards ponds (cemwa), Endrick marshes, Scotland. August 1992.

Plate 10: Drainage ditch, Endrick marshes (cemta). June 1992
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2.5 Giguela-Zancarra headwaters, Spain

The Spanish site differs in many environmental characteristics from the previous
sites, and the flora exhibited is also unique to the area under consideration. The
site is E1 Masegar wetland (Plate 11) close to Alcazar de San Juan in central
Spain's La Mancha region. The water is semi-saline and of a strongly seasonal
nature. In 1992 the lagunas and rivers were dry by July and had not yet filled by
October. In the flood plains of the Giguela and Zancarra there are permanent and
seasonal lakes. Those termed permanent are dry during July and August. Seasonal
waters can dry up from late spring until early autumn (4-6 months). Ground water
levels in La Mancha are falling very dramatically, and drought periods are
becoming longer each year. This is attributed to the increase in sprinkler irrigation
being employed to allow the expansion of viniculture in the region. El Masegar is
a nature reserve managed by the private Fundacion Jose Maria Blanc, but with no
national status. It comprises a large seasonal laguna (Plate 12) and adjacent areas
that are seasonally flooded but in the dry season. Adjacent to it are wildfowling
ponds which have been deepened as water levels drop. The reserve warden
believes water is diverted from the Giguela river (Plate 13), which feeds El
Masegar, to supplement these ponds. In 1992 an area of about 40km radius
surrounding Masegar was surveyed, and of twenty one open water sites marked on
local maps most were dry and supporting established terrestrial vegetation. In 1993
the lagunas at Masegar were dry nearly all summer (C. Guerrero pers. comm.).

Visits were made in May and October 1992. Data reported for June 1992 was
collected by S.J. Marrs.

2.6 Loire-Allier confluence, France

The French study sites are located on the Rivers Loire and Allier, close to where
they join at the Bec d'Allier. The area is very dry in the summer with the
wetlands drying out drastically, and extensive sand banks appearing in the river
channel. These support short lived annual communities through the summer. In the
winter, Mediterranean rains can cause severe flooding. The surrounding area is
extensive agriculture, mainly cattle rearing at present but a trend towards cereal
culture and intensification is occurring. This includes increasing drainage of
meadows and greater use of chemicals (FAEWE 1990b). Water from the river is
extracted for both drinking water and irrigation. The main pressures on water



quality are sewage effluent which is often untreated. The Upper Loire is generally
of poorer quality than the Allier and has higher concentrations of nutrients. Three
dams in the area (Villerest, Grangut and Naussac I) affect the hydrology and
sediment transport in the region. Two more dams and a weir are planned, although
there is much controversy surrounding the plans and they may not be realised.
Flow regulation is probably the biggest anthropogenic impact to be considered at
this site. The Loire dams are designed to hold back flood water in winter and
release it in summer (Purseglove 1991). This will drastically change the ecology of
what has been described, by the pressure group Loire Vivante, as the last wild
river in Europe.

The floodplains are well preserved, with areas of open water such as channels and
backwaters. Three areas were investigated in the catchment. The first, near
Apremont on the Allier (46°55'N,3°5'E), may become affected by the proposed
weir upstream at Le Veudre, although construction has been suspended at present.
The Allier is on limestone and marls covered by alluvial sands and gravels and
some thin clay layers. The floodplain at Apremont includes a large oxbow lake,
various drainage ditches and backwaters of the river. The view afforded from the
chateau, which is sited on the ridge bordering the flooodplain, shows many
depressions and meanders in the meadows which are now dry following improved
drainage (Plate 14). The second site is on the Loire at Decize (46°55'N, 3°28'E).
The only open water associated with the river is a dead arm surrounded by Salix
woodland. The last site is a backwater of the Loire (Plate 15), and is found close to
the village of Marzy (46°55'N,3°10'E), just downstream from the confluence at the
Bec d'Allier (Plate 16). The backwater maintains a heavy and rapid flow of water
during winter but in dry summers is of a seasonal nature. The majority of work
was undertaken at Apremont, as it was by far the richer site, in terms of waterbody
types. In particular the oxbow site at Apremont (Plate 17) supports an interesting
flora. This is the major open water body associated with the river. Work was also
carried out on the ditches leading into and out of the oxbow. Aquatic vegetation is
largely absent in the main river channels (Plate 18). No vegetation was recorded in
the Allier backwaters during the two year survey, although Ranunculus species had
been observed in 1991 (J. Hills, pers. comm.)

Visits were made in June.and August 1992 and April, June and August 1993.
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Plate 11: El Masegar nature reserve, La Mancha, Spain, from the approach road.
May 1992.

Plate 12: Maseger laguna (smml1), La Mancha, Spain . May 1992.

Plate 13: Giguela river, La Mancha, Spain, showing dense growth of charophytes.
June 1992.
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Plate 14: Allier floodplain at Apremont, with oxbow in the foreground (faoxa)
and riverine flood forest to the left hand side. August 1992.

Plate 15: Backwater of River Loire near Marzy, France. August 1993.

Plate 16: Bec D'Allier; confluence of the rivers Loire and Allier. April 1993.
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Plate 17: Side arm of oxbow at Apremont (faoxd), France, showing Utricularia
vulgaris in flower. May 1993.

Plate 18: River Allier, Apremont, France, showing braiding of the river channel.
August 1993.
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Table 2.1 Locations and descriptions of survey sites.

Apremont

No. | Country | Area Code Description
1 Ireland Little Brosna ilbd2 shallow drainage ditch over marl
sediments, steep banks.
2 ilbd3 medium depth drainage ditch over
: peat, quite dense emergent growth.
3 ilbd4 medium drainage ditch, dense
emergent growth, steep high banks.
4 ilbpo temporary shallow pond
5 ilbr river channel
6 Clonmacnoise icldi shallow drainage ditch
7 icldo medium shallow drainage ditch at
outflow to river
8 iclr river channel
9 Bullock island ibipo deep oxbow
10 | England | Kismeldon eksrf river channel, shallow riffle reach
11 eksrr river channel
12 eksrl river channel, shaded riffle reach
13 eksox seasonally flooded oxbow
14 Bradford Mill ebmr river channel, riffle reach
15 Hele Bridge ehbox deep oxbow heavily shaded by trees
16 | Scotland | Insh marshes cimsr river channel
17 cimrl deep lochan
18 cimnl deep lochan connected to river
19 cimid main drainage ditch
20 cimwp | shallow pond
21 cimox | oxbow
122 Endrick marshes cemab | main drainage ditch, occasionally
dredged
23 cemta | deep drainage ditch controlled by
sluice gate.
24 cemwa | shallow, extensive ponds
25 cemrd | shallow drainage ditch controlled by
sluice gate.
26 cemgd | main drainage ditch
27 cemcb | bay at mouth of river
28 | Spain Masegar smgr seasonal river channel
129 smmll | seasonal lagoon, shallow edge site
30 smml2 | seasomal lagoon deep site.
31 | France Apremont faoxa deep oxbow main body
32 faoxd deep oxbow side arm
33 fappo shallow oxbow sidearm disconnected
from main body during summer
34 fapdo outflow ditch between oxbow and
river
35 Decize fdcbw | river backwater
36 Marzy fmlbw | river backwater
37 fapdi shallow inflow ditch to oxbow
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Chapter 3
FIELD SURVEY
3.1 Introduction
This chapter

» presents the results of the vegetation survey undertaken in 1992 and 1993 and
the results of the environmental parameters measured

o details multivariate techniques suitable for the analysis of data from vegetation
surveys

« classifies sites according to their species composition

 relates species occurrence to environmental conditions and discusses these
relationships

» compares these results to previous studies

When attempting to elucidate the response of plant communities to environment
two approaches are possible: 1) direct experimentation varying one factor at a
time and monitoring community response; and 2) looking at existing patterns of
communities and relating this to the environment they inhabit. The latter can be
used to generate hypotheses testable by direct experimentation (Dennison et al.
1993). In a short term study such as this, where the aim is to gain an insight into the
factors affecting a wide range of sites, and if possible, to select which are the
controlling factors, the first approach is not suitable. Ideally the work presented '
here should be followed up by more rigorous testing of the hypotheses generated
(Austin 1987).

Therefore the aim of the field survey was to obtain a dataset comprising the
communities growing in the aquatic phases of riverine wetland habitats, and the
different environmental conditions in which they existed. This data set could then
be analysed using a phytosociological or a functional approach and related to the
measured environmental parameters. As this data set would be used to generate
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hypotheses on the relationship of communities to environment, a  varied
environmental data set would allow wider predictions to be attempted. The sites
themselves cover a wide climatic and geographical range, from euoceanic in Ireland
to semi-arid in Central Spain. The choice of sites was largely confined to those sites
already designated by the FAEWE project, but it was also possible to include two
Scottish wetland sites. The Endrick marshes were chosen as they contained two
areas of quite different nutrient status on either side of the river and both sides of
the river contained a diverse set of open waterbodies. They also had good site
records of water levels, and it would be possible to manipulate water levels in some
of the ditches by use of the sluice gate system. Originally transplant experiments
were planned for the second field season so this was a useful facility. These were
later dropped as the fieldwork schedule would not allow for regular monitoring of
the experiment. The Insh marshes were also selected as one of the larger riverine
wetland sites within reach of Glasgow. Within all wetland sites waterbody types
were chosen to be as diverse as possible, with ditches, river channels, dead arms,
backwaters, oxbows, permanent and temporary ponds all represented .

The survey was carried out over two seasons and between two and five visits were
made to each site each year (see Chapter 2), except to the Spanish field site where
no visits were made in the second year because by June the waterbodies had still not
refilled from the previous years' dry season. Repeated visits to the sites allowed a
good picture of the environmental character of the site to be obtained. It also
allowed accurate identification of difficult species as mature specimens could be
examined on return visits. This was also important for the field trait measurements
(see Chapter 4), as these were taken from fruiting specimens wherever possible, and
repeated visits through the season allowed measurement of most populations that
reached fruiting.

Throughout this work averages of environmental parameters and species
frequencies for each site were used for analysis (Appendices 1 and 2).
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3.2 Field survey methods

All survey work was carried out between March 1992 and September 1993 (see
Chapter 2).

3.2.1 Vegetation survey

At each site the plant community was assessed using frequency as an estimate of
abundance (Bannister 1966). In ditches, rivers and other linear water bodies a 20 m
stretch was assessed. Oxbows, lochans and ponds were regarded as single
ecological units (Seddon 1972), and the entire flora recorded (Appendices 2 & 3).
Where the waterbody was wadeable transects were used across the water body
width and species occurring on this transect were recorded. In deeper water bodies
grapnel throws were used. Ten replicates were taken (either grapnel or transect)
and the frequency of occurrence of individual species recorded. As species have
individual phenology of growth (Jones 1956) and show remarkable changes in
biomass through the season (Wiegleb 1981; Kunii and Maeda 1982), a single visit
would not be representative of all species contributions to the community. For this
reason species averages were taken over all visits. All species names, authorities
and codes are given in Appendix 4.

3.2.2 Environmental survey
Parameter codes are given in brackets.

Depth (D)
Measured to the nearest cm by meter rule or by lowering a grapnel vertically into
the water.

Conductivity (Cond)
Using a Whatman CDMG600 portable electronic field meter recording in uS cm-1.

Dissolved oxygen (DO%, DOmg)

Both saturation and concentration of oxygen were measured with a Jenway 9010
dissolved oxygen probe.
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pH (pH) and Temperature
Both measured using a Jenway 3070 portable pH meter. pH measurements were
taken between 10:00 and 14:00 whenever possible to obtain the maximal diurnal

value.

Light net downward attenuation coefficient (K)

Photosynthetically active radiation (PAR) levels were measured at two or three
depths in the water column using a Skye SKP2200 with two SKP 210 PAR sensors
that take readings simultaneously. The hand held display can show either absolute
readings from either sensor or the ratio between the two. From these readings the
light extinction coefficient (k) was calculated (Moss 1988):

km1= log, (Io/) /d

where Io = subsurface PAR
I = PAR at depth (d)
d = depth (m)

These readings were also used to calculate the euphotic zone (Zeu) depth:
Zeu= 3.51/k

The substrate light parameter (SL) is the euphotic zone depth divided by the actual
depth. Therefore a record close to one indicates that the bed at a site is near to the
euphotic limit for plant growth.

Water phosphate (Pw)

Measured using colorimetric methods, an Aquamerk 14661 field testing kit was
used. This measured orthophosphate (PO43-) from 0 - 3 mg I'1 in 0.25 mg 1
increments.

Water nitrate (Nw)

Measured using colorimetric methods, a Merckoquant 10020 Nitrate test was used.
The range of detection was 0 - 500 mg I'1 NO3~. The smallest increment was 10
mg 1-1. Nitrite interference can be a problem but where nitrite levels are high an
indicator square is triggefed and the effects can be corrected for (Hutton 1983).
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Total hardness (TH)
Measured using colorimetric methods. Merckoquant 10046 total hardness kit
measured from 0 - 30Ce in 99e increments. 1% = 14.30ppm CaCO3.

Sediment phosphate (Ps)

Analysis of sediment phosphorus was carried out by the Department of Chemistry,
University of Glasgow. Sediment samples were air dried and ground to < 2 mm.
The samples were digested with nitric/perchloric acids, with a final digestion in
perchloric acid for 2 hours at 180°C. The digests were analysed for phosphate
using an automated phospho-vanado-molybdate method. Results are given in parts
per million.

Sediment organic matter (OMs)

Organic matter content was determined by loss on ignition. Samples were air dried
and ground to < 2 mm, they were then oven dried at 100C to ensure loss of soil
moisture. Approximately 5g of soil was placed in a weighed crucible, re weighed
and put in a muffle furnace at 500C for 6 hours, then cooled in a 100C oven and
placed in a desiccator to cool. The final weight was determined and percentage
organic matter calculated.

Sediment particle size (%a, %b, %c, %d)

Samples were thoroughly ground using a pestle and then sieved through a stack of
sieves to determine the weight distribution of 4 size classes:

a-<180 um

b-180 - 500 pm

c- 500 -1000 pm

d->1000 um

Flow (FL)

Initially in the Scottish sites measurements were taken using an OTT flow meter, *
however as it was too heavy to be feasible for some of the European trips the flow
measurement was categorised into five classes that could be estimated in the field:
1-still

2 - very sluggish flow, barely perceptible

3 - slow flowing

4 - moderate flow

5 - rapid flow



Drought (DR)
This was a categorical variable relating to the observed or reported periods of
substrate exposure at a site

1 - permanent water

2 - dries up for a short time some years

3 - dries up most years for two or three months
4 - dry every summer for at least three months

Emergent cover (Ecover or EC)

Categories 1 - 10 refer to the percentage cover estimate of emergent vegetation to
the nearest 10% (e.g. 1 = 10% emergent cover). Details of the emergent plants
present at each site are given in Appendix 3. This refers only to emergent plants
growing in the waterbody and not to bankside vegetation.

Tree cover (Tshade or TC)

This was also a categorical variable referring to the nearest 10% cover of tree
shade when viewed from below the canopy. i.e. an estimation of the percentage of
open sky obscured by tree foliage.

The environmental survey results are given in Appendix 1

3.3 Data Analysis

3.3.1 Background

Ordination and classification are complementary methods for analysing large
multivariate ecological data sets. While classification of sites by species is
somewhat artificial as it imposes structure on continuous data, it is convenient to
simplify data and to objectively group similar sites without allowing investigator '
bias to influence the groupings. Interpretation of the analysis however involves an
element of subjectivity, for example in deciding on how many divisions to include
in a classification. Ordination allows interpretation of the whole data set, and in
this case it is possible also to look at relationships with environmental parameters.
It is also a useful visual tool with which to represent, in two dimensions, the
complex relationships in a large ecological data set.
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A popular method of classifying sites by their constituent species is Two-Way
Indicator Species Analysis or TWINSPAN (Hill 1979). TWINSPAN is widely
used in community ecology and it has a number of useful products. It stems from
the ideas used in phytosociology to characterise groups of sites by differential
species (Jongman et al. 1987), and uses both quantitative and qualitative data. The
basis of TWINSPAN is correspondence analysis (Hill 1973), which is used to
ordinate sites along an axis which is then divided at its centre of gravity, to
produce a dichotomy. The two groups thus produced are reordered and
subsequently divided and so on. The end product is a classification of the sites and
an ordered two way table from the species x sites matrix. It also gives indicators at
each division, and preferential species for the positive and negative groups. These
can be used to produce a dichotomous key that can be used to classify new sites.
TWINSPAN uses quantitative data by assigning pseudospecies. A pseudospecies is
a species at a certain abundance (or frequency) range. These can be controlled by
setting the number and position of the cut levels that delimit these ranges. For
instance to assign more pseudospecies to low frequency classes the cut levels could
be set at 1,2,3,5,7; while setting cut levels as 2,4,6 gives less fine tuning at low
~ species frequencies. In interpretation of TWINSPAN groups it should be
remembered that the classification is based on the artificial separation of a
continuous gradient, and is not necessarily a natural grouping.

A widely used approach to the simplification of large ecological data sets is to use
indirect ordination techniques such as detrended correspondence analysis (DCA)
to ordinate the species with subsequent regression of site scores against measured
environmental variables. DCA is based on correspondence analysis and assumes a
unimodal response curve. The advantage of DCA is that it corrects the 'arching'
effect that was sometimes encountered in CA, particularly on the second axis (Hill
1979; Hill and Gauch 1980). Where axis lengths are less than 2 standard deviations
(s.d.) in a DCA ordination, the response is in effect monotonic and analysis based
on a linear model (e.g. PCA) may be more suitable (ter Braak 1986). An axis
length of 4 s.d. or more, would indicate that sites at either end of the axis have no
species in common (ter Braak 1987a), this being the separation of the extremities of
a normal distribution. This also indicates that the data is probably strongly non
linear in response.

A complementary approéch to DCA is to use canonical correspondence analysis

(CCA), which is a direct gradient approach, since the axes are constrained by the
measured environmental variables. CCA is appropriate where a DCA followed by

36



environmental gradient interpretation does not explain the main variation, as is
often the case. Where more than one environmental variable is related to an axis it
is easily recognised by the positions of the arrows on the biplot diagram. ter Braak
(1986) has shown how CCA allows a quick appraisal of community composition
variation with environment. Individual relatioriships can still be investigated by
fegression of site scores against single variables that may be highly influential.

The same arching effects that occur in CA (and are corrected in DCA), are
possible in CCA, particularly if the number of environmental variables approaches
the number of sites under analysis, or if several variables are strongly
intercorrelated. Detrending can reduce this effect, but a more efficient way is to
reduce the number of environmental variables by excluding those that are highly
correlated with another variable. The second axis is most susceptible to arching, so
variables that are highly correlated with this axis are most likely to be superfluous
(ter Braak 1987a). CCA, DCA and TWINSPAN all share underlying assumptions
with correspondence analysis, in particular weighted averaging to implement non-
linear ordinations, which is preferable where a linear response model is inadequate.
(ter Braak and Prentice 1988; Brown et al. 1993). CCA has been shown to
perform well with skewed species distributions, quantitative noise in species
abundance data, highly intercorrelated environmental variables and situations
where the major factors determining species composition are not measured
(Palmer 1993).

To interpret the CCA axes it is necessary to look at the intraset correlations and the
canonical coefficients; their signs and magnitudes can be used to infer the relative
importance of individual variables in explaining the community composition.
Canonical coefficients define the ordination axes as linear combinations of the
environmental variables (ter Braak 1986). Intraset correlations are defined as
correlation coefficients between the environmental variables and the ordination
axis (ter Braak 1986 1987a). Both measures relate to the rate of change in
community composition per unit change in the corresponding (standardised)
environmental variable (ter Braak 1986). They differ in that canonical correlations
assume that other environmental variables are constant while the intraset
correlations assume that the environmental variables covary in the manner
particular to the data set (ter Braak 1987b). In a case where environmental
variables are strongly correlated canonical coefficients are unstable, and should not
be used for interpretation. Intraset correlations do not suffer from this problem.
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If the environmental variables were mutually uncorrelated, the canonical coefficients
and the intraset correlations would give the same information (ter Braak 1986).

In some cases indirect gradient analysis may be more informative than direct
gradient analysis as environmental conditions are difficult to characterise
exhaustively and species composition may be a more informative indicator of the
total environmental character than the chosen environmental parameters.
Comparison of the DCA and CCA eigenvalues is of interest as it provides an
indication of how much of the species variance remains unexplained by the
environmental parameters. Where the ratio of canonical to unconstrained
eigenvalues is low it may be necessary to measure further environmental variables
to give a feasible explanation of how the communities are being influenced.

3.3.2 Analysis

The TWINSPAN classification was run on the 1992/1993 euhydrophyte data set
(Appendix 2). Data on emergent plants contribution to the communities was also
available (Appendix 3). This was not used in this analysis as the emergent
vegetation is subject to different environmental influences from the euhydrophytes
(Palmer et al. 1992), and its inclusion may obscure relationships between
euhydrophytes and the environmental characteristics- of the aquatic environment.
The TWINSPAN classification of the sites by their species composition is given in
Fig. 3.1. Four levels of the analysis were used, except where the eigenvalue for the
iteration was below 0.400, as this showed that the group was quite homogeneous.
This resulted in eight groups of sites as shown. Site codes are given in Appendix 1.
Species codes are given in Appendix 5, numbers in brackets indicate the
pseudospecies.

The groups strongly reflected geographical location, with the French and Spanish
sites both in discrete groups. This is not surprising in the case of the Spanish sites
as the species set is completely different from any of the other sites. In the French
sites there are many species in common with other sites, but the presence of
Ceratophyllum demersum exclusively in these sites differentiates them from the
rest. The Insh and Torridge sites overlap, as do the Irish and Endrick sites.

The DCA analysis was run initially with the Spanish sites included, but since the
Spanish sites contained an exclusive set of species the first axis only served to
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separate these sites from the rest of the data set and all the variation in the
remaining sites had to be contained in the second axis. This did not give a very
clear picture. As it is obvious that floristically the Spanish sites are a discrete and
well separated group it is not necessary, or meaningful, to show them in relation to
the other sites so the DCA was rerun without these sites. A summary of the DCA
is given in Table 3.1 and the ordination is shown in Fig 3.2 with the TWINSPAN
groups overlaid. The gradients of the first and second axis are quite long,
justifying the use of correspondence analysis rather than a Principal Components
Analysis, which assumes a linear response model. Both axes have high
eigenvalues, but quite a low proportion of the species variation is explained
(11.8% and 9.3% by axis 1 and 2 respectively). This reflects the diversity of the
data set and also suggests that there is no strong underlying gradient that is
controlling community composition.

The CCA was similarly run without the Spanish sites. The initial analysis included
all environmental parameters in the run except water nitrate data as it was highly
skewed. Depth and conductivity data were natural logarithm transformed to
approximate better to a normal distribution. All continuous variables were
standardised to zero mean and unit variance. To reduce any arching effects, the
correlation matrix was examined to see if variables could be dropped from the
analysis without serious reduction in the species-environment variance explained.
Total Hardness was strongly correlated with conductivity (r = 0.909), as would be
expected. Conductivity reflects a range of major ions therefore it was retained in
preference to total hardness. Percentage saturation of dissolved oxygen and
dissolved oxygen concentration were also very closely correlated (r = 0.945).
Percentage saturation was retained as it is more straightforward to interpret. % 'd',
being the last of four particle size classes, is a redundant variable, so was also
excluded. Total hardness and % 'd' were run as passive variables. Passive analysis
allows the variable to be placed on the ordination diagram without being used in
the calculations that construct the ordination. Comparisons of the summary tables
3.2a and 3.2b show that the species environment correlations and the percentage
of the species environment relation explained are little affected by dropping these
variables.
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Fig 3.1
TWINSPAN dendrogram showing sites classified in terms of species.

Indicator pseudospecies are shown at each division (See Appx 2 for codes)
Eigenvalues for each iteration are shown in bold type
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Axis 2

Fig 3.2 DCA ordination of 1992/1993 sites (except Spanish) using species
composition. TWINSPAN groups delineated by dotted lines. For site codes see Table 2.1
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Table 3.1 DCA summary (Spanish field site excluded from analysis)

Axes 1 2 3 4 Total
inertia
Eigenvalues 0.932 0.731 0.408 0.201 7.869
Lengths of gradient 6.224 5.293 3.387 3.202
Species-environment correlations 0.838 0.825 0.865 0.666
Cumulative percentage variance explained
species data 11.8 21.1 26.3 28.9
species-environment relation 10.3 19.6 0 0
Sum of all unconstrained eigenvalues 7.869
Table 3.2a Summary of CCA including all environmental variables
Axes 1 2 3 4 Total
inertia
Eigenvalues 0.769 0.688 0.565 0.473 7.869
Species-environment correlations 0.976 0.927 0.939 0.908
Cumulative percentage variance explained
species data 9.8 18.5 25.7 31.7
species-environment relation 14.9 28.3 39.2 48.4
Sum of all unconstrained eigenvalues 7.869
Sum of all canonical eigenvalues 5.158
Table 3.2b Summary of CCA excluding correlated environmental variables
1 2 3 4 Total
Axes inertia
Eigenvalues 0.769 0.660 0.558 0.452 7.869
Species-environment correlations 0.976 0.910 0.943 0.897
Cumulative percentage variance explained
species data 9.8 18.2 25.3 31.1
species-environment relation 16.2 30.2 42 51.5
Sum of all unconstrained eigenvalues 7.869
Sum of all canonical eigenvalues 4.736
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The summary of the final ordination (Table 3.2b) confirms some of the hypotheses
suggested by the DCA. The eigenvalues of each axis are high, indicating good
species separation, but only 30.2% of the species-environment correlation is
contained in the first two axes. The ratio between the sum of canonical and the
sum of unconstrained eigenvalues is high, showing that the environmental
variables measured are responsible for a high proportion of the displayed species
variation. A Monte-Carlo test was used to test if the species were significantly
related to the environmental variables. The test is carried out by randomly
permuting the sample numbers in the environmental data and then randomly
linking these to the species data, thereby creating a random data set. CANOCO
then calculates the test statistic, in this case for all the environmental variables
(termed the 'trace' statistic). 100 permutations were carried out and test statistics
calculated. If the test statistic from the real data is among the highest 5% of those
from the random data then the species are significantly related to the
environmental variables. In this case the test statistic was highly significant (in the
highest 1%). Remaining variation will also take in the variation attributable to
chance distribution of aquatic flora (Godwin 1923) for which there is no
environmental basis. A plot of the eigenvalues over the first four axes (Fig. 3.3)
shows that there is only a gradual decrease, again showing that the variation cannot
be attributed to one or two strong gradients. The ordination biplot of site scores
and environmental arrows is shown in Fig. 3.4a and the species scores in Fig. 3.4b.
Individual sites names are not given, instead the TWINSPAN groups are shown.

Fig. 3.3 CCA eigenvalues

eigenvalues
o
>

Axes
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Table 3.3 Comparison of vegetation classifications for the surveyed sites

Site Group [National Vegetation Classification CORINE
cimsr I  |A14 Myriophyllum alterniflorum C24.41
cimwp I |Al4 Myriophyllum alterniflorum C22.433
eksrr I |Al4 Myriophyllum alterniflorum C24.41
eksox II |Al6a Callitriche stagnalis Callitriche spp. C22.432
ehbox I [A7a Nymphaea alba Species-poor C22.431
cimrl I |A9 Potamogeton natans C22.431
cimnl II |A9 Potamogeton natans C22.431
cimid II |A9b Potamogeton natans Elodea canadensis C22.431
cimox II |A7 Nymphaea alba C22.431
ilbd2 III |Alla P. pectinatus-M. spicatum P. pusillus (poor) C24.42
eksrf IV |A17 Ranunculus penicillatus C24.43
eksrl IV |A17 Ranunculus penicillatus C24.43
ebmr IV |A17 Ranunculus penicillatus C24.43
ilbr IV |A8b Nuphar lutea Callitriche stagnalis - Z. palustris C24.4
cemgd V |A9 Potamogeton natans C22.431
cemcb V  {A10 Polygonum amphibium C22.4315
iclr V  |A8a Nuphar lutea Species-poor C22.431
ibipo V  |A8 Nuphar lutea C22.431
cemab VI |Al5 Elodea canadensis C22.422
cemta VI |A15 Elodea canadensis C22.42
cemwa VI |Al5 Elodea canadensis C22.42
cemrd VI |Al5 Elodea canadensis C22.422
ilbpo VI |A19 Ranunculus aquatilis C22.432
ilbd3 VI |A2b Lemna minor-Lemna trisulca C22.411
ilbd4 VI |A2b Lemna minor-Lemna trisulca C22.411
icldi VI [Al6a Callitriche stagnalis Callitriche spp. C22.432
icldo VI |A15 Elodea canadensis C22.42
faoxa VII |A5a Ceratophyllum demersum Ranunculus circinatus C22.42
faoxd VII |A5 Ceratophyllum demersum C22.42
fapdo VII |AS5 Ceratophyllum demersum C22.42
fappo VII |A4 Hydrocharis morsus-ranae - Stratiotes aloides C22.431
fdcbw VII |A10 Polygonum amphibium (poor) C22.431
fmlbw VII |AS5 Ceratophyllum demersum C22.42
fapdi VII ]A3 Spirodela polyrhiza - Hydrocharis morsus-ranae C22.411
smgr VHI |No classification C22.44
smmll VIII |No classification C22.44
smml3 | VIII |No classification C22.44




Overlaying the TWINSPAN groups on the CCA species-environment biplot (Fig
3.4a) suggests that using level four of the classification may be introducing
artificial groupings, with groups divided in level four strongly overlapping.
However as separation was clear on the DCA it may be that some factor that I have
not measured may be dividing the groups at this level. Table 3.3 shows a
comparison of my groups with the National Vegetation Classification and
CORINE biotopes. The CORINE database gives a classification of biotopes of
major importance for nature conservation in the European Community
(Commission of the European Community 1991). NVC classes were assigned
using the program TABLEFIT (Hill 1993). The programme showed a poor
goodness of fit for some sites (where goodness of fit was especially low it is noted
on the table). In the European sites this may be due to species or associations not
occurring in Britain. Problems may also arise through the delimiting of
communities; the inclusion of emergent vegetation resulted in the classification of
some of the communities as water margin vegetation, with improved goodness of
fit. As the publication concerning the NVC classification of aquatic communities is
not yet available it was difficult to judge the accuracy of the NVC communities
assigned by TABLEFIT. Den Hartog and Segal (1964) argue for classifying
pleustophytes and rhizophytes separately. In this case pleustophytes are not
indicator species at any of the TWINSPAN divisions and do not seem to be unduly
influencing the analysis, so this recommendation was not followed. However
problems concerning the strong stratification present in aquatic systems may also
have contributed to the poor goodness of fit. It should also be noted that the
programme was written mainly for terrestrial systems where, generally speaking,
species richness is considerably higher than in aquatic systems. In species poor
communities relatively small changes in the abundance of one or two key species
may produce a poor match with the suggested community. It has also been noted in
phytosociological studies that species exclusively bound to one association are rare
amongst water plants and their exclusiveness is often a local feature (Den Hartog
and Segal 1964). This feature of aquatic plant sociology may also contribute to
difficulty in assigning communities with certainty.

Groups I and II (the Insh marshes and some of the Torridge sites) tend to be deep
sites, shaded by trees to some extent, with low conductivity, but quite high
sediment phosphorus and high dissolved oxygen levels, characterised by
nymphaeid species. A9 (Potamogeton natans) and Al4 (Myriophyllum
alterniflorum) are the main communities, with A7 (Nymphaea alba) and A16
(Callitriche stagnalis) also represented.

45



Groups III and IV are quite discrete on the diagram. Group III contains the single
site ilbd2 a shallow drain in the Little Brosna callows with Chara hispida and
Potamogeton coloratus as co-dominants. This community is not represented at any
other sites, and does not correspond well with any NVC category, with the closest
fit being Alla, although this does not seem appropriate, since the preferential
species are either rare or absent. The community seems to favour conditions of
high substrate light and high conductivity. The CORINE classification of C24.42
lime-rich oligotrophic river vegetation is characterised by P. coloratus and C.
kisptda and is a perfect match. However, the NVC classification does not have a
community that can be cross referenced with this. The site is in a shallow drain
over exposed marl. Group IV comprises fast flowing shallow river sites on the
Torridge and the larger, deeper Little Brosna river in Ireland. These sites are
slightly shaded, fast flowing with large particle size substrate, and highly saturated
with dissolved oxygen. Characterised by Ranunculus penicillatus, Fontinalis
antipyretica and Callitriche hamulata, these sites all correspond to Al7 of the
NVC.

Groups V and VI are the Endrick marshes and the Shannon callows sites (with the
exception of ilbd2). While group V seems to be a subset of Group VI, it is quite
tightly clustered on the ordination. These sites are the deeper sites, dominated by
Nuphar lutea, Persicaria amphibia and Potamogeton natans (NVC categories A8,
A9 and A10). Group VI is almost exclusively composed of drainage ditches, with
a temporary pond on the callows and the more extensive Wards Ponds completing
the group. These sites also have high substrate light potential, with a high cover of
emergent species and silty sediment. Conductivity and pH are quite high and the
sites tend to be shallow. Glyceria fluitans, Myriophyllum verticillatum, lemnids
and narrow leaved Potamogeton species are all well represented at these sites.
This group corresponds to A15 of the NVC with A2b and A19 also represented.

Group VII contains all the French sites, with no other areas represented. These
sites have a medium sediment texture, high water phosphate levels and quite turbid
water. There is also some degree of droughting in many sites. Ceratophyllum
demersum is ubiquitous, with Potamogeton nodosus, Ranunculus circinatus and
Mpyriophyllum spicatum also present. This is represented by quite a spread of NVC
classes. These may not accurately reflect the communities as Potamogeton
nodosus, which was abundant in many sites, being rare in Britain is not present in
the NVC classification. Many sites are variations of the A5 (Ceratophyllum
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demersum) community, with A3 and A4 in the ditches. C. demersum has
previously been reportéd to occur frequently in oxbows that are permanently filled
with water during the growing season, being replaced by Potamogeton lucens in
periodically drying out water bodies (Adamec et al. 1993). The backwater at
Decize did not fit well into any category, with A10 showing a very poor goodness
of fit. This is a species poor site and difficult to assign to a class.

Group VIII comprises the Spanish sites which are very different from the other
study sites, as discussed above. The NVC does not have a classification that covers
Chara and Nitella carpets, the CORINE classification of these sites is algal carpets
at the bottom of unpolluted lime-rich lakes.

As the NVC classification was devised specifically for the British Isles its
applicability in a European context is doubtful, this may be exacerbated by the
northern bias in the aquatic dataset on which the NVC was based (Palmer et al.
1992). However in general the communities of aquatic plants that occur over
Europe are less dissimilar over the geographic range than their terrestrial
counterparts, so the NVC classification has some use for preliminary classification.
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Axis 2

Fig 3.4a CCA biplot (excluding Spanish sites) showing site scores and
environmantal biplots. TWINSPAN groups delineated by dotted lines (Individual site codes
not indicated).
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Fig 3.4b CCA ordination (excluding Spanish sites) showing species scores. For

species codes see Appendix 2.
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Examination of the intraset correlations (Table 3.4) show flow rate and large
particle size (%'d') to be correlated with Axis 1. Drought, % 'c' particle size and
conductivity are all negatively correlated to the same axis. With regard to the
second axis, substrate light, and conductivity were positively correlated and depth
and sediment phosphate negatively correlated. Except for the positive correlations
with Axis 1, where flow and % 'd' were much more highly correlated than other
variables, there tended to be a number of variables all quite weakly correlated with
the axes. The significance levels of these correlations cannot be assessed by a
straightforward t-test as intraset correlations and canonical correlations have
different properties from a normal correlation (ter Braak 1988), one of which is an
increased variation. The t-values given by CANOCO for intraset correlations can
only be used in an exploratory manner in direct gradient analysis (ter Braak 1988).
Correlations marked ** are most significant (p < 0.01 for a conventional t-test) and
* of secondary significance (p < 0.05 for a conventional t-test).

Table 3.4 Intraset correlations of environmental variables with axes

Axis 1 Axis 2

Sediment organic matter -0.186 -0.041
Depth 0.200 ** -0.456
Sediment phosphate 0.043 -0.342
Conductivity -0.400 ** 0.424
Dissolved oxygen (% saturation) 0.186 -0.161
pH -0.235 0.176
Water phosphate -0.380 ** -0.285
Light extinction coefficient -0.323 *x* -0.140
Flow 0.699 *x* 0.233 *
Drought -0.484 -0.045
Tree shade 0.222 * -0.037
Emergent cover 0.005 * 0.298
Substrate light 0.077 * 0.580 *
% 'a’ -0.252 0.263 **
% 'b' -0.202 -0.199
% 'c' -0.458 -0.266
% 'd' 0.528 -0.007

Running CANOCO using forward selection of the environmental variables allows
each one to be added sequentially to the model starting with the variable which
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explains the greatest variation in the species data. A Monte-Carlo permutation test
can then be run on each variable to test its significance in explaining the remaining
variation in the data set. This method of analysis shows which variables are
redundant (i.e. do not explain a significant proportion of the variation once the
variation attributable to the most influential variables has been extracted). Flow,
conductivity, water phosphate, % 'a', depth and sediment organic matter all
independently explained significant variation (p < 0.05) and the wvariation
explained by substrate light and pH was significant at p <0.1.

Inferred ranking of the species along the more influential environmental variables
can be made by dropping perpendicular lines from the species co-ordinates to the
environmental arrows. Table 3.5 gives these rankings for flow, conductivity and
substrate light in ascending order (i.e. the uppermost species is found at high
values of the parameter in question).
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Table 3.5 Inferred species rankings along major environmental gradients from CCA

Flow Conductivity Substrate light
F. antipyretica C. hispida R. aquatilis

R. penicillatus P. coloratus C. hispida

M. alterniflorum U. vulgaris P. coloratus

C. hamulata R. aquatilis U. vulgaris

P. obtusifolius S. sagittifolia F. antipyretica
N. pumila C. platycarpa P. lucens

P. natans P. lucens M.verticillatum
Nitella flexilis L. polyrhiza P. filiformis

Z. palustris H. morsus-ranae G. fluitans

S. emersum P. nodosus R. penicillatus
R. aquatilis C. demersum C. platycarpa
P. berchtoldii P. trichoides Z. palustris

G. declinata R. circinatus P. amphibia

P. crispus L. trisulca C. hamulata

G. fluitans P. filiformis Nitella flexilis
M.verticillatum Najas flexilis O. fluviatile

P. pusillus M.verticillatum S. emersum
Chara sp. L. minor L. trisulca

P. filiformis N. lutea P. berchtoldii
P. amphibia M. spicatum G. declinata

O. fluviatile O. fluviatile M. alterniflorum
N. alba P. amphibia N. lutea

J. bulbosus U. intermedia L. minor

P. lucens G. fluitans P. pusillus

C. stagnalis E. canadensis Chara sp.

L. trisulca C. obtusangula S. sagittifolia
C. obtusangula H. palustris N. pumila

E. canadensis R. peltatus P. crispus

N. lutea P. pusillus P. natans

C. hispida Chara sp. P. obtusifolius
P. coloratus C. stagnalis E. canadensis
U. vulgaris "|P. polygonifolius C. obtusangula
L. minor G. declinata H. morsus-ranae
P. polygonifolius E. acicularis L. polyrhiza

E. acicularis P. berchtoldii C. stagnalis

C. platycarpa P. crispus N. alba

H. palustris N. alba P. polygonifolius
R. peltatus J. bulbosus H. palustris

U. intermedia Z. palustris C. demersum
H. morsus-ranae S. emersum R. peltatus

M. spicatum Nitella flexilis P. nodosus

C. demersum P. natans U. intermedia
L. polyrhiza C. hamulata Najas flexilis
Najas flexilis N. pumila M. spicatum

R. circinatus P. obtusifolius E. acicularis

P. nodosus M. alterniflorum R. circinatus

P. trichoides F. antipyretica J. bulbosus

S. sagittifolia R. penicillatus P. trichoides
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3.4 Discussion

3.4.1 Classification

As this chapter is concerned with the classification of aquatic communities the
necessity for classification exercises should also be examined. When systems such
as the National Vegetation Classification and CORINE exist is there any need for
further attempts at classification? It was deemed necessary in this work partly to
enable direct comparison with the functional classification of the same sites carried
out by the same statistical processes (Chapter 8) and partly to compare a
classification of exclusively riverine wetland communities with the broader
classification of the NVC to see if useful subdivisions arose. As emphasised by
Whittaker (1962) 'Classifications develop and are improved through continuing
interaction of ecologists and natural communities and growing understanding of
significant relations of ecosystems. The form of a given classification is
determined by no simple verisimilitude or fidelity to nature, but by a complex
system of inter balanced value judgements.’

While the present classification was as far as possible objective, some value
judgements were used (e.g. in deciding on the number of final TWINSPAN
groups). One way of assessing the value of this classification is to compare it with
other existing classifications (Table 3.4). In most cases the TWINSPAN groups
showed a sensible relationship to the distribution of NVC categories, with similar or
identical NVC classes in each TWINSPAN group. One or two anomalies were
apparent. The occurrence of ilbr in group IV seemed incongruous, group V may
be more appropriate. With the exception of cemgd all A9 NVC communities were
in group II. The CORINE classification also shows a good relationship with the
TWINSPAN analysis. Some groups (I, III, VII) are exclusively of one CORINE
type, while II, IV and V have only one member differing. CORINE C22.4
corresponds to still freshwater sites. These comparisons serve to reassure that the
TWINSPAN classification displayed is a sensible and meaningful one in terms of
grouping like communities. TWINSPAN is, in fact, becoming an indispensable tool
for ecologists dealing with large data sets containing species occurrence data
(Holmes 1989). It also reinforces the NVC as a good working classification.
Inspection of the groups suggest geographical location to be a strong influencing
classification, this may .be obscuring within-catchment patterns. The NVC
classification dlstmgmshes more subtle within-catchment differences. As the
~ TWINSPAN was limited to only dividing groups with more than four members,
some of the NVC groups are merged into one TWINSPAN class.
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3.4.2 Community and species variation with environment.

The relationship of communities to environment is complex because communities,
such as the ones I have defined, are in reality continuous and each constituent
species of a community has its own range of chemical tolerances (Moyle 1945).
However problems are experienced when attempting to relate individual species
distributions to environmental parameters due to the wide ecological amplitude of
many aquatic species (Swindale and Curtis 1957; Seddon 1972; Pip 1979, 1984;
Kadono 1982a; Carbiener et al. 1990). Aquatic plant communities may be more
consistent in their relationship to the environment, and are considered by some
workers to have more value as bioindicators than species (e.g. Carbiener et al.
1990). The combination of TWINSPAN and CCA analysis (Figs 3.4 and 3.5)
allows consideration of both community and species relations with the
environmental parameters measured. Many workers have emphasised water
chemistry as the controlling factor in macrophyte distribution (Moyle 1945; Spence
1967; Seddon 1972), particularly in limnological studies. Additionally depth
(Spence 1967), substrate type (Pearsall 1920; Misra 1938) and altitude (Lundh
1951) have all been recognised as influential. In a riverine wetland context
preferences are further obscured by the effects of flow. Dennison ef al. (1993)
reported a lack of appreciable correlation between water quality parameters and
survival of macrophytes and supported the use of multiple habitat requirements to
predict survival. In the present analysis flow, conductivity and light levels at the
substrate were all influential in ordinating the communities. These factors will be
discussed individually.

3.4.2.1 Effects of flow rates

Flow was identified as an important factor for riverine wetland euhydrophyte
communities. Forward selection of the environmental variables, in CCA, selected
flow as the parameter explaining the highest proportion of the variation. This has
been noted as influential to both species distribution and abundance (Westlake
1973; Haslam 1978; Bornette and Amoros 1991; Chambers et al. 1991; Spink
1992). The variety of flow rates in aquatic sites in a floodplain range from still
ponds, through ditches and streams to the river channel. The confounding effects of
spates and droughts, mean that aquatic ecosystems of a river floodplain are more
complex than those found in lacustrine habitats (Bornette and Amoros 1991). The
flow ranking presented correlates well with previous findings with a few exceptions
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such as M. spicatum which is usually associated with moderate flow (Haslam 1978;
Holmes 1989).

Flow velocity affects plants in a number of ways. Physical damage such as
uprooting or breaking of stems can be considered a disturbance sensu Grime
(1979).  Individual species, such as Callitriche hamulata and Ranunculus
penicillatus are well adapted to high flow velocity through a flexible streamlined
growth form and stems resistant to breakage in turbulent flow (Haslam 1978; Spink
1992) or firm rooting. It is difficult from field observations to separate the direct
effects of flow rate (e.g. physical damage) from indirect effects (e.g. changes in
sediment texture), but it is likely that both have an effect (Chambers et al. 1991).
Species with adaptations that confer tolerance of a wide range of flow velocities
(e.g. Sparganium emersum (Bornette and Amoros 1991)) will be able to exploit a
range of wetland habitat types. In this study S. emersum was observed in deep still
lochans, ditches and fast flowing rivers. Its appearance near the top of the flow
ranking is probably not reflecting its inability to exist in still waters, but rather the
inability of many other species to tolerate high velocity. This highlights the
complications present in interpreting species rankings along environmental
gradients. Location at the top or bottom of a gradient does not necessarily mean
exclusion from the other extremity. For instance species at the bottom of trophic
rankings are often not intolerant of high trophic conditions but rather are
outcompeted in such conditions (Seddon 1972). Sudden increases in flow velocity,
such as winter and spring flooding can lead to severe damage to plant populations
in the form of uprooting and physical damage (Brierley et al. 1989). This can be
particularly damaging in sites where normal flow velocity is moderate or slow and
plants are poorly adapted to faster flows.

Flow velocity also affects the ability of plants to take up inorganic carbon because
in conditions of high, turbulent flow the boundary layer resistance to uptake is
reduced. In dense beds of macrophytes in still waters acute carbon depletion can
occur (Van et al. 1976). In this way low flow velocity could be considered a stress,
reducing the rate of photosynthesis (Haslam 1978; Spink 1992). The ability of a
species to utilise bicarbonate will also influence its distribution (Hutchinson 1975).
Many Potamogeton species are bicarbonate users and common in alkaline systems
(Barko et al. 1986). Other methods of carbon gain, including crassulacean acid
metabolism and use of sediment CO,, will also influence species occurrence in
systems low in free CO, (Maberly and Spence 1983; Sand-Jensen 1983; Boston et
al. 1989).
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In conclusion the displayed species ranking seems ecologically sensible in the light
of field experience and published work, and can be considered analogous to a
disturbance ranking with high flow corresponding to high disturbance.

3.4.2.2 Conductivity and nutrients

Conductivity cannot be regarded as a factor in itself as it reflects the concentration
of several major ions, but can be used as a general index of the nutrient status of the
water (Swindale and Curtis 1957; Kadono 1982). Many authors regard the water
chemistry of a lake as determining which species can inhabit it (Moyle 1945;
Spence 1967; Seddon 1972), but recognise the difficulties in precisely determining
preferences of all but very restricted species, due to confounding effects of variation
in all chemical factors. In addition to the problems of disentangling the effects of
multiple parameters in field data many aquatic macrophytes have wide amplitudes
with regard to water chemistry (Swindale and Curtis 1957; Seddon 1972; Newbold
and Palmer 1979; Pip 1979, 1984; Kadono 1982a). Pip (1979) found that the most
significant species affinities to water chemistry parameters in central Canadian
waterbodies to be to total alkalinity and total filterable residue although some
species showed affinity to pH. Pip also noted that species that showed a significant
result for a parameter still tended to have a wide tolerance, but the species
occurrence tended to be concentrated to one end of the range. Seddon (1972)
considered species of eutrophic waters to be obligate species restricted to the
habitat by physiological demands, while species found in dystrophic and
oligotrophic sites had a wide range of tolerance but were excluded from the sites of
higher trophic status by competition.

The ranking of species along a conductivity gradient (Table 3.5) conforms quite
well to published studies concerning trophic preferences (Seddon 1972; Newbold
and Palmer 1979; Cernohous and Husak 1986; Caffrey 1986; Palmer ez al. 1992),
although P. coloratus is in a misleadingly high position due to its preference for
hard waters. U. vulgaris and R. aquatilis are also surprisingly high; while P.
crispus, Z. palustris and S. emersum would be expected to appear higher in the
ranking. These anomalies may be, in part, due to wide tolerance displayed by these
species. Seddon's description of species preferences for trophic status of water,
shows consistent similarities with the present ranking. While the variety of
definitions of terms such as eutrophic and oligotrophic may lead to confusion when
comparing studies dealing with trophic relations, they consistently represent a
fertility series and, as such, can be used in discussion of rankings. Those species
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listed by Seddon as not being influenced by solute concentration all occurred in the
middle or bottom of the list suggesting that in some cases they had an advantage
over less widely tolerant species in nutrient poor waters. Eutrophic and meso-
eutrophic species were ranked between the middle and the top of the series, with
the exception of P. crispus which was surprisingly low in the ranking. The extreme
position of site ilbd2 on the ordination seems to be ecologically logical rather than
the effect of an aberrant data point. The site is a shallow ditch over marl on the
Little Brosna callows, supporting the association Potamogeton colorati. This has
been recognised to occur in sites with a supply of meso-oligotrophic hard water
(Carbiener et al. 1990; Hoyer 1991), which holds true in this location. The
presence also of large quantities of Chara hispida at ilbd2 similarly conforms to the
observations of Swindale and Curtis (1957) who also recorded Chara spp as
abundant in water of high conductivity and restricted to sites with a marl bottom
(although Chara spp do also occur in non-marl sites). Low conductivity may
reflect a stress in the form of limited nutrient availability. High conductivity (as
encountered in the Spanish sites, but omitted in the construction of the ranking due
to their extreme nature) is also a stress in brackish sites where only a few species of
macrophyte can survive (e.g. Chara, Ruppia, Zannichellia, Potamogeton
pectinatus (Grillas 1990)).

Nutrient enrichment of water exerts an effect through the increased growth of
phytoplankton, periphitic algae and some macrophyte species leading to possible
shading effects on submerged macrophytes (Phillips ez al. 1978; Hough et al. 1989;
Roelofs 1983). This is confirmed by the similar location of the arrows for K and Pw
in Fig 3.4. The effects of high turbidity are discussed in 3.4.2.3. This direction of
variation can also be considered a form of stress with high values of K
corresponding to high stress sites.

pH often exerts an influence on macrophyte distribution through its relationship
with dissolved inorganic carbon, water hardness and calcium concentration (Spence
1967). Many species occur in quite a wide pH range (Kadono 1982a), although
Hutchinson (1975) noted that at pH <6 some species show limited occurrence.
These extremes of low pH were not encountered, and pH seemed to be of little
consequence in this data set.

The relationship of speéies to nutrient status of the water has been shown to

correspond well to previously published work, but the influence of sediment
nutrition should also be considered. The role of the sediment in providing major
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nutrients is discussed only for the sediment chemical parameters measured in this
survey i.e. sediment P (Ps) and organic matter content (OMS). Sediment organic
matter content has been shown to be positively correlated with N and P levels in the
sediment (Chambers 1987), however, in the ordination OMs and Ps had different
influences from each other, so inferences about N and P nutrition were not made
from the relationship of OMs and species scores. It is generally accepted that
rooted macrophytes can satisfy their phosphorus requirements from the sediment
(Best and Mantai 1978; Barko and Smart 1980; Carignan and Kalff 1980; Barko et
al. 1986). Chambers et al. (1989) found that submersed river macrophytes obtain
70% of their phosphorus from the sediments. This would suggest that water
phosphate levels are of lesser importance than sediment phosphate in most
macrophyte distributions (Pip 1979). In oligotrophic water most phosphorus is
taken up from the sediment, while in eutrophic water, water-soluble P probably
plays a part in nutrition (Carignan and Kalff 1980; Rattray et al. 1991), there is also
significant uptake of nitrogen from the sediment (Nichols and Keeney 1976; Best
and Mantai 1978). Sediment phosphorus levels and water phosphorus levels do not
have a parallel effect, as can be inferred from the CCA biplot. Enrichment of the
sediment can encourage luxuriant growth of rooted macrophytes and enrichment of
the water promotes pleustophytes, phytoplankton and epiphytic algae (Roelofs
1983). In both cases there is a shading effect on rosette and bottom dwelling
species. It has been recognised that sediment composition has an important
influence on macrophyte community composition (Barko and Smart 1991), and it is
also apparent that sediment characteristics are as much a product of macrophyte
growth as a controlling factor (Barko et al. 1991). There is little known about
lower levels at which N may become limiting, however high sediment organic
matter contents can inhibit submerged species (Barko and Smart 1983, 1986);
emergent plants are less inhibited possibly due to their greater ability to oxidise the
rhizosphere and overcome toxicity problems (Armstrong 1979).

Sediment texture can be important both in influencing rooting success and nutrient
availability (Haslam 1978). In larger water bodies sediment texture and organic
matter content has been shown to be closely related to the degree of exposure to
wind/wave action with plant zonation along exposure gradients (Keddy 1982). It is
difficult to separate the effects of exposure, organic matter content and sediment
texture. In the small water bodies sampled in this study, exposure is unlikely to be
an important consideration so the effect of sediment texture can be discussed in
isolation. Some species show distinct textural preferences (Butcher 1933; Haslam
1978; Holmes 1983). For instance Potamogeton coloratus seems to prefer fine
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sediments (Bornette and Amoros 1991). Stony or sandy substrates are nutritionally
poor and growth may be limited, but low levels of organic matter addition can
stimulate growth on sandy soils (Sand Jensen and Sendergaard 1979). In this
analysis sediment texture did not play a significant role with the exception of % 'a'
(fine sediment), which showed a close relation to conductivity and seems to also
indicate high nutrient status sites.

3.4.2.3 Light

Light is stressed as an important factor in the distribution of macrophytes (Spence
1967; Spence and Crystal 1970a; Best 1982; Barko et al. 1986). The depth to
which a species can extend is influenced by light quantity and quality (Chambers and
Kalff 1987; Duarte and Kalff 1988; Chambers and Prepas 1988). Light is suggested
as the limiting factor with increasing depth in this study. The influence of depth is
almost directly opposite to the influence of substrate light availability, suggesting
that in this study depth does not have any strongly limiting effects (such as pressure)
on the plant, other than light attenuation. Compared with terrestrial shade species
submersed aquatic vegetation has a high minimal light requirement (Dennison et al.
1993), so light can often be a limiting factor if water clarity is poor.

The influence of light is examined using two parameters in the survey; light
extinction coefficient (K), a measure of turbidity; and substrate light levels (SL), a
measure of light received at the substrate. The two parameters show different
effects in the analysis. As floating-leafed and surface free-floating plants are, to a
large extent, independent of this parameter (although it is influential for the former
group in the juvenile phase), their occurrence will not be correlated with this
parameter, thus reducing its importance in the overall analysis. In river sites
changes in turbidity can be frequent, rapid and extreme in response to incidents of
spate, erosion or pollution (Westlake 1966). 1 attempted to obtain reasonable
estimates of the average turbidity of river sites by using repeated visits. As well as
light attenuation by dissolved and suspended material in the water, self-shading is
also important in macrophyte communities where only 0.1% of surface light may
penetrate to the bottom of a dense weed-bed (Westlake 1966). Light availability
principally affects vegetation abundance, but because species are differentially
adapted to low light intensities it also affects community composition.

The morphological adaptations that enhance light capture (both whole plant

morphology and individual leaf morphology) are responsive to light regime in
submersed macrophytes. Generally plants produce fewer, longer shoots and longer
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leaves with a greater surface area when irradiance is reduced (Barko et al. 1986;
Abernethy et al. 1995 subm). Those species that can produce a dense surface
canopy (e.g. Myriophyllum spicatum) may grow at greater depths in turbid waters
than submerged prostrate species (Titus and Adams 1979). Specific leaf area has
also been correlated with depth of occurrence for Potamogeton species (Spence and
Crystal 1970b). Nymphaeid species, possessing strong petioles and floating leaves,
may be particularly successful in turbulent and turbid waters (Vermaat and De
Bryne 1993).

Shading by trees and emergent plant cover may also reduce euhydrophyte
abundance especially in narrow water bodies (Dawson and Haslam 1983; Canfield
and Hoyer 1988).

3.4.2.4 Drought and water level fluctuations

Although drought was not as influential as the preceding factors in the final analysis
it seemed to be having an extreme effect in determining the species present at the
Spanish sites (that were dropped from the final analysis). The effect of drought will
be considered together with the influence of fluctuating water levels. Fluctuations
in water level were not calculated directly but were evidently of high magnitude at
some sites (e.g. Insh marshes, Apremont); they are considered as a similar type of
disturbance pressure to droughting.

Grillas (1990) found that in marshes in the Camargue flooding period was the
controlling factor with conductivity also correlating to species variation. Chara
aspera was found in sites characterised by a long dry period (the flood duration and
conductivity ranges reported are similar to the conditions found in El Masegar).
Chara species often appear following a disturbance event (Nichols 1984), persist
for a season or two and are then replaced by other macrophytes, but are also
recorded as persisting as stable communities for longer than 50 years (Wood 1950).
In some cases this is where the community is subject to regular, or annual
disturbance. The Chara lawns observed in El Masegar, seem to be an example of
such a community that is stable in the long term due to the seasonal nature of the
habitat which prevents the establishment of other macrophytes in the community.
Whether this will continue if the drought periods get longer and the refilling is not
annual, or predictable, remains to be seen. Local extinctions are rare in species of
temporary water as the species are well adapted to surviving unfavourable
conditions (Williams 1987).The persistence of Chara oospores in the sediment can
be quite long term (Allen 1950), and they can tolerate freezing, drying and ingestion
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by birds (Procter 1967; Blindow 1992a), which may allow for re-establishment even
after prolonged drought. Oospore germination is also stimulated by a period of
desiccation (Allen 1950) and the alternating wetting/drying regime at El Masegar is
therefore likely to promote Chara dominance.

Chara species are not restricted to the deeper waters as often recorded, but can
occur below, amongst or above other macrophyte communities on a depth gradient
(Wood 1950; Blindow 1992b) . The species show significant ecological differences
and exhibit zonation according to species. Much is missed by grouping the
stoneworts as Chara spp. A zonation of Chara species was recorded in the present
study with different species growing in different depth zones of the laguna. The
extreme clarity of the water allowed this zonation to be clearly observed from a
boat and indeed seemed to be sensitive even to the depth difference resulting from
tractor ruts persisting from the dry season. Chara hispida var. major was
ubiquitous, occurring even in the shallowest water depths. Chara canescens
occurred in the slightly deeper waters and Chara aspera was found in the deeper
more central areas, and in the deeper ditches surrounding the laguna. Stross (1979)
has postulated that the depth boundaries of Nitella are determined by a
photomorphogenetic switch mechanism at some critical point in the life cycle. This
also mediates oospore production and internode length, with longer internodes and
less oospore production with increasing depth (Stross 1979; pers obs.).

Water level fluctuations can destroy biomass by exposing plant parts to desiccation
if water levels fall, or by decreased light, or dissolved gas availability if water levels
dramatically increase. Large water level variations can result in a reduction in
community diversity or a shift of peak production to deeper waters (Rerslett 1984),
although moderate fluctuations of 1 - 3m yearl can result in a diverse flora
(Rerslett 1991). r - strategy species increase with increasing fluctuations (Rerslett
1984). Species better able to survive fluctuating water levels in the form of
inundation (e.g. flooding from the river) include Persicaria amphibia and Oenanthe
aquatica (van der Brink et al. 1991). Nymphaeids were able to survive a moderate
level of inundation. The effects of inundation are both physical (especially
associated with summer flooding) and through the effects of changes in water
chemistry and turbidity. Data on inundation frequency at the sites is not available,
but at the sites where water level fluctuations appear to be a factor (Insh marshes,
Apremont) nymphaeids, P. amphibia and Oenanthe spp were all recorded. Brock
(1988) reported that a flexible life cycle pattern and morphological plasticity can
enhance survival in widely fluctuating environments. Distribution of standing water
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in time and space is the most important factor for macrophytes in temporary water
habitats. (Williams 1987).

Both drought and water level fluctuations constitute a form of disturbance, but as
the most severely droughted sites were not included in the ordination its effect was
not significant so a species ranking was not constructed. The superior disturbance
tolerance of the Characeae is however readily apparent.

3.4.3 Species distribution and Grime's CSR model

A detailed description of the model is given in Chapter 4, the basic premise being
species tolerance to the three factors competition (C), stress (S) and disturbance(R).
The environmental parameters can be used to construct an index of stress and
disturbance for each site (Spink 1992). The criteria used to construct these indices
are shown below.

Parameter Stress score Disturbance score

Tree shade >50% 1
Flow=0 1
Flow=4 0
Flow=5 0
SL<3 1
K >3 1
Cond < 100 1
Pw=0 1
Ps <500 1
Drought = 3 0
Drought = 4 0

W = O O O O O A W o o

While this is a fairly crude method of characterising the sites in these terms, it serves
to explore the relationship of species to these forces. Competition has not been °
addressed in this discussion as there was no measure of competitive pressure made
in the field. The general applicability of Grime's model to aquatic macrophytes will
be discussed further in Chapter 10.

If the CCA ordination is-re-examined with the site codes replaced with the stress
index scores and the area of high disturbance index indicated (Fig 3.5) the species
can be related to these indices. The stress index is shown beside the corresponding
site co-ordinate, the disturbance index values were only above zero in the area
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indicated (although the highly disturbed Spanish sites are not represented). A visual
comparison of this figure with Fig 3.4b suggests the following species as
particularly tolerant of stress or disturbance:

Stress Disturbance

J. bulbosus F. antipyretica
N. alba R penicillatus
N. pumila C. hamulata

P. natans M. alterniflorum

P. obtusifolius
M. alterniflorum

As discussed above Chara spp are also tolerant of high levels of disturbance. Of
these Grime et al. (1988) designate strategy classes for only three: J. bulbosus
SR/CSR; P. natans C/SC; R. penicillatus C?. The first two both display the stress
tolerant elements noted in this study. J. bulbosus is given an element of disturbance
tolerance by Grime et al. (1988), this may reflect its ability to withstand water level
fluctuations. R. penicillatus is classified C? with no recognition of its tolerance of
disturbance. This does not seem to be an accurate appraisal of this species, which
has been noted as disturbance tolerant (Spink 1992).
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Axis 2

Fig 3.5 CCA ordination (excluding Spain) showing site scores. Site codes
replaced by stress index values. Areas with high disturbance index indicated.

T
+2
6 L.
5Fr
41
+2
3 -
2r
1 i . .
342 high disturbance
3 e
+41+4 // \\.
+7%3 +2 ? +O \
2 A
0 21t gt2 \ 2 )
N T 2 \\ /’
3 3 +2 * 3 ~ __-_"/
+2 4 +3 4 .5
.3
348
1+ 2 4 4
+5 .
high stress
-2 1 | , .
-2 1 0 1 o 5
Axis 1




3.4.4 Environmental character and species diversity

The negative effects of large water level fluctuations and the diverse flora
associated with moderate fluctuations have been noted above. Bornette and
Amoros (1991) attributed the species paucity of some zones of their study to
periodic flood disturbance and high flow velocity. This type of impoverished
community was present in the backwaters of the river Loire also prone to high
velocity spring floods. Studies of regulated and unregulated lakes (Wilcox and
Meeker 1991) found that sites experiencing natural frequencies and magnitudes of
water level fluctuations had the most diverse communities. Too little disturbance
gave stable but species poor communities at permanently flooded depths, while too
much disturbance allowed only species capable of surviving the physical disturbance
or newly established ruderal species to exist.

In their study of a braided river floodplain, Bornette and Amoros (1991) found the
most complex macrophyte community in a zone affected by several allogenic
processes, including underground and seepage water, periodic river overflow with
high nutrient contents and alluvial deposition. Such sites represent a dynamic
equilibrium between successional changes and the effects of floods (Bornette ez al.
1994) They suggested that the thick alluvial deposit may explain the abundance of
macrophytes, providing nutrients and root support. In this survey the richest
macrophyte communities were found in the sites on the floodplain of the river Allier
at Apremont. This site is subject to the processes described by Bornette and
Amoros and seems to support their contention. A negative correlation has been
observed between species richness and frequency of inundation in still waters
associated with rivers in the Netherlands. Negative correlations between species
richness and orthophosphate concentration and nitrate concentration in the ambient
water and species richness and turbidity of the ambient water were also
demonstrated (van der Brink ef al. 1991).
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3.5 Summary

Sites were successfully classified by their species composition into groups that

corresponded well to existing classifications.

There was no single factor controlling community composition in the survey but
the most influential were flow, conductivity, water phosphate, proportion of fine
sediment particles, depth, sediment organic matter and substrate light availability.

It was difficult to relate species or communities to environmental factors with
precision due to the amplitude of species tolerances and the confounding effects of
the measured environmental parameters. Rankings of the species to some of the
more influential parameters gave similar results to previous studies.

An estimation of species tolerance of stress and disturbance pressures was made by
using integrated indices.

Species diversity was highest in sites with a range of allogenic processes resulting
in thick alluvial deposition. To achieve high diversity sites should also be free
from excessive disturbance (e.g. by inundation) or high nutrient concentrations in
the ambient water.
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Chapter 4

DEFINING FUNCTIONAL GROUPS FROM ESTABLISHED
PHASE TRAITS

4.1 Introduction
This chapter

« discusses the relevance of the growth strategy approach both in general terms
and in relation to the selection pressures peculiar to an aquatic environment.

» uses analyses of field-measured and literature-based traits to construct a
functional grouping of euhydrophytes in the established phase.

» selects key traits or predictors for the functional groups

 discusses the validity and ecology of the functional groups

4.1.1 Strategy Theory.

The use of species nomenclature as the basic framework for botanical studies has
for a long time been dominant. Within ecological research the European
phytosociological approach is based on description of species assemblages. While
recognising the species as a “useful vehicle for communication between ecologists’
Grime (1984) saw a need for estimations of the ecological amplitude of each species
and a functional classification within which to locate these species. Earlier this
century the development of a life forms classification by Raunkiaer (1939) was a
move away from the predilection for individual species to a more functional
classification.

Much present work on methods for functional classification of vegetation arises
from the r-K continuum proposed by MacArthur and Wilson (1967) to summarise
the large diversity of plant and animal life strategies. The extremes are r - selected
species that have short life spans and allocate a large proportion of their resources
to reproduction early in life, and K - selected organisms that have superior
competitive ability in stable environments and allocate less resources to rapid
population growth. While the value of this model as a positive step towards the
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understanding of many ecological processes was accepted, several workers found
its single axis of variation unsatisfactory. An additional axis, termed adversity
(Whittaker 1975; Southwood 1977) or stress (Grime 1979), was proposed. A
debate in "Nature' marked the beginning of Grime's involvement in the development
of strategy theory (Grime 1973a 1973b, 1974; Newman 1973). Sibly and Grime
(1986) later presented a mathematical model to show adversity selection, using the
supply of mineral nutrients to roots as an example. Southwood (1977) proposed a
2-D representation with one axis representing r-k and the other adversity. Grime's
strategies arise from the relative contributions of three forces on a plant or plant
community. (Objection has been made to the use of the term strategies as it has
teleological implications. However it has become widely used in this context and
while there is clear understanding of its meaning as a set of genetically defined
characteristics, it is a convenient term to employ.)

These forces are defined as; 'stress', the external constraints which limit the rate of
dry matter production of all or part of the vegetation; 'competition’, the tendency of
neighbouring plants to compete for the same quantum of light, ion of a mineral
nutrient, molecule of water or volume of space; 'disturbance' the mechanisms which
limit the plant biomass by causing its partial or total destruction (Grime, 1979). Of
these, stress and disturbance are environmental factors that are present at different
degrees in a habitat. If we simplify their occurrence to either 'high' or 'low' intensity
there are four resultant combinations of the two factors. Grime considered high
intensity of both factors to result in an environment too hostile for plant growth.
The remaining combinations gave rise to three corresponding plant strategies; C =
competitor (low disturbance + low stress), S = stress tolerator (low disturbance +
high stress) and R = ruderal (high disturbance + low stress).

The relationship of these strategies with more traditional life history theories based
on plant demography has been investigated by Silvertown et al. (1992), and while
they failed to find a relationship between CSR strategies and chosen demographic
variables they also admitted that current demographic work could benefit from a
more comparative approach. Grubb (1985) added to the definition of disturbance
the caveat that senescence of individual plants is excluded. Criticism has also been
made of the use of the word 'stress’ in this context. Grubb (1985) argues that it
reflects productivity only. and many other stresses can be defined. Rerslett (1989)
objects to the definition of disturbance as it is a biological effect rather than a cause.
Verhoeven et al. (1982) also criticised the vague definition of environmental factors
and highlighted the difficulties in quantifying them.
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The three strategies described above are termed primary strategies by Grime
(1979). He also described four secondary strategies; competitive ruderals (CR),
stress-tolerant ruderals (SR), stress tolerant competitors (SC) and CSR strategists.
As noted by Grime et al. (1988) 'In the real world the C-S-R equilibrium varies
Jrom place to place, even within a plant community, and on diurnal, seasonal and
successional time Scales, for this reason communities often contain species of
widely differing strategy.'

A different approach to understanding plant community structure is presented by
Tilman (1977), based on resource acquisition. His theory attempts to predict
competitive success as a function of the concentration of limiting resources. A
number of contradictions arise from these two models, but it has been argued that
many of these are due to differences in perspective, emphasis and terminology, and
that there is much general agreement between the two theories (Grace 1991). In this
work the theories outlined by Grime (1979) and Grime et al. (1988) serve as a
starting point. These were preferred over Tilman as they do not concentrate
exclusively on competition as a structuring force.. The role of competition in
structuring macrophyte communities may be minor (Best 1988; Wilson and Keddy
1991), so a broader based approach is preferred.

The other innovation to the r-K model proposed by Grime (1979), was the
uncoupling of regenerative and established phase characteristics, following
problems in linking the two phases. This recognises that different selection forces
and design constraints are pertinent in the regenerative phase in comparison to
those in the established phase. Grime (1979) assigned five categories to the
regenerative phase; vegetative expansion; seasonal regeneration; persistent seed or
spore bank; numerous widely dispersed seeds or spores; persistent juveniles. He
found that the established phase strategies were not consistently linked with any of
the regenerative phase categories, and so dealt with the two phases separately. This
has been confirmed for emergent aquatic plants by Shipley ef al. (1989), and semi-
arid communities (Leishman and Westoby 1992). Wiegleb and Brux (1991) found
no correlation between reproductive strategies in Potamogeton and environmental
conditions expressed as stress and disturbance. In this study the two phases were
examined separately and then the relationship between the two investigated.
Chapters 6 and 7 deal with regenerative phase strategies.
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Grime (1979) introduced a triangular ordination, the three axes representing the
relative importance of three basic 'strategies', as a convenient and visually accessible
way of representing a species strategy. The process of ordinating species on the
triangular diagram (concentrating here on the established phase) has been refined
since its inception. Early ordinations (Grime 1979) used measures of Relative
Growth Rate and a Morphology Index to represent competition and stress as co-
ordinates for ordination. These crude methods were much criticised, although they
served the purpose of establishing a framework to be improved upon. More recent
ordinations (Grime 1988) use a more elaborate system based upon the recognition
of a number of plant 'traits' (genetic characteristics) which correspond to the three
basic life strategies. In the current work plant traits have not been attached to a
particular strategy so an ordination such as this is not feasible. A general discussion
of traits associated with each functional group is given in its place.

Grime and co-workers identified six principles which have proved useful in the task
of identifying the ecological and evolutionary significance of particular traits (Grime
et al. 1988). These are outlined in brief, and their relevance to this study discussed.

1. Mechanisms excluding an organism or reducing its abundance in a particular
habitat may be suggested on the basis of differences in requirements or in
tolerance which distinguish it from other organisms which are more successful in
the habitat.

2. Comparisons between species of contrasted ecology reveal many differences and
it is difficult to determine which, if any, are of ecological significance. Attention
should be confined to the more consistent differences between successful and
unsuccessful species.

3. Where available, populations of the same species drawn from contrasted
habitats may provide opportunities to examine variation with respect to a smaller
number of potentially critical characteristics. It is advisable to review the evidence
Jrom intra-specific studies within the context provided by broader inter-specific
comparisons.

4. It is rarely profitable to examine variation in a single attribute without reference
to other characteristics of the organism under study.
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5. Care must be taken in the choice of attributes to be measured. In some plants
development is extremely plastic making extrapolation of data unrealistic.

6. Studies involving large numbers of species may provide opportunities for
comparison and interpretation. This may extend beyond the identification of traits
that have been the subject of natural selection, to the recognition of components
which have a limited capacity for phenotypic adjustment. These aspects have
probably been a recurrent focus for selection pressures and are internal
constraints limiting the potentiality of particular taxonomic groups.

Principles 1 and 2 can be used to draw up lists of traits relevant to the populations
under study. Grime et al. (1988) have established a set of traits they found useful in
the study of the herbaceous plants in the Sheffield area and this has subsequently
been adapted to apply to aquatic macrophytes (Rerslett 1989; Murphy et al. 1990).
Use of species rather than populations has been criticised (Verhoeven et al 1982),
and principle 3 draws attention to this point. In this study field measurements were
taken at the population level making it possible to analyse and compare intra- and
inter-specific variation. Analysis should involve the examination of variation in a set
of independent traits (principle 4). In this work suites of characteristics falling
under a single general category (e.g. morphology, phenology) have been used.
Initial analysis is executed on the entire set of traits, with clustering and ordination
dependent on the variation in all traits. Care must be taken in choosing traits as
plasticity in a trait may be just the feature that makes it significant to a particular
strategy. For example the plastic response of roots in response to nutrient
concentrations may be of significance to a competitive strategy (Grime et al. 1986;
Sutherland and Stillman 1988). In covering a high proportion of the European
euhydrophyte flora there is scope for interpretation of both proximal and ultimate
determinants in aquatic species. There may be significant internal constraints in this
~ species set limiting the capacity for phenotypic adjustment but these may be
recognised when comparisons of traits are made with a terrestrial species group.
Within the aquatic environment, evolutionary adaptation to current stress and
disturbance forces will have followed a different path to terrestrial counterparts.

Once traits have been identified they can be used in a number of approaches. Grime
et al. (1988) classified each species according to the ratio of traits belonging to each
strategy. They then classified the most consistent species into seven strategy types
(three primary and four intermediate) by use of a dichotomous key based on life
history characteristics. These marker species were then used to ordinate each
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vegetation sample. The marker species were weighted according to their
abundance. The vegetation samples (2008 in all) were grouped into hexagons within
the triangular representation and the percentage occurrence of a species in each
hexagon plotted. These values can then be used to plot contours and assign a
centroid for each species. This gives a visual representation of the species strategy
and its ecological amplitude. This approach is not appropriate for a smaller scale
study such as this, and so the method used to group species was based more
directly on the traits possessed by the euhydrophytes.

So far this discussion has been limited to a species level, the next step is to analyse
at a community level (see chapter 8). Various workers have attempted this (Grime
1984; Rerslett 1989; Murphy et al. 1990; Hills ez al. 1994). This can be by means
of a strategy index (Rerslett 1989; Murphy ef al. 1990), which assesses the relative
importance of each strategy element in the set of populatiohs making up the whole
community. It uses the strategies assigned to each population and weights them
according to abundance. For each element the index lies between 0-1 and the
summation of all elements is 1. An alternative and complementary approach is to
plot percentage occurrence of each strategy type into the appropriate element of the
triangular representation (Murphy et al. 1990). This can be used for visual
comparison between communities and highlights the contribution of the
intermediate strategies. Grime (1984) plotted constituent species in the triangular
ordination by the centre of their contour diagram, to show the orientation and
spread of the community. The value of using a strategy approach at the community
level was clearly explained by Grime et al. (1988), ‘the classification of plant
communities with respect to the strategies of their component species is also
valuable, because it provides a means of predicting the rate and direction of any
cyclical or successional change. Knowledge of strategies also allows prediction of
the resilience of vegetation to climatic fluctuation, herbivore or human disruptive
influences.’

Now the basic concept of strategy analysis has been covered, a number of
recommendations and criticisms are appropriate. Grime ef al. (1988) identify four
points relating to the model which are summarised and discussed below.

1.'It provides a compact framework in which to connect disparate threads of
ecological information and a basis on which to predict the direction and rate of
[floristic response to alterations in the nature or intensities of stress or
disturbance.’
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This is of interest in a study designed to investigate the response of euhydrophyte
communities to anthropogenic pressures. An evaluation of the validity and resilience
of the approach in riverine wetland communities, and an indication of any
modification to previous approaches, will be useful for future studies in similar
habitats.

2.'A central assertion of the triangular model is that the intensity of competition
Jor resources (C) declines progressively with increasing intensities of stress (S)
andlor disturbance (D). This equilibrium is a major determinant of vegetation
structure and species composition at any site. Opportunities for analysis and
description may be expected , therefore, wherever it proves possible to recognise
measurable plant characteristics which vary in relation to the prevailing intensities
of C,SorD.’'

Loehle (1988) criticised the geometry of the triangular model, and in particular the
validity of the three axes summing to one. Grime's model however is based on the
use of relative measures of the three environmental variables and as such is a
convenient way of showing the influences of these variables and the strategies they
give rise to. The summation to one implies a trade off between traits, as is stated by
Grime (1985) and in the herbaceous vegetation in the Sheffield area this has so far
been the case. However Grubb (1985) gives the example of Elymus flavescens, a
plant that exists on sand dunes which are regularly and severely disturbed by sand
storms (D) and subject to severe drought (S). This is a condition of high S and high
D that Grime regarded as inimical to plant survival. Another example is Phragmites
australis in Egypt, which can withstand severe disturbance in the form of burning,
cutting or ploughing and the severe stress of highly saline soil (M. M. Ali, pers.
comm.). Results from strategy analysis of aquatic macrophyte communities show
some similar anomalies (Kautsky 1988), including the common occurrence of
isoetid vegetation in the hlgh stress and disturbance environment created in
oligotrophic, wave disturbed lakes (Farmer and Spence 1988). However it is
difficult to delimit when a stress or disturbance changes from moderate to high
levels. The difficulty of measuring C, S and D intensities has been noted by
Verhoeven et al. (1982).

3. 'In any analysis of vegetation it is necessary to distinguish between the selection

Jforces which have determined its essential characteristics, ultimate determinants,
and those which are operating at the present time, proximal determinants.’

73



The selection forces that led to adaptations for existence in aquatic habitats are just
such ultimate determinants. Although both selection forces are relevant to strategy
analysis while working in a particular community, proximal determinants will be
governing the fine scale tuning of the community. The inability of strategy theory to
address itself to small scale changes has been criticised (Harper 1982), however a
community may, for example, be basically stress tolerant (e.g. Arctic-alpine plant
communities) but the small scale variations in strategy are governed by the proximal
selection forces of stress, disturbance and competition.

4. 'Except in extreme conditions it is unlikely that plant communities will be
composed exclusively of species of similar strategy, due to seasonal, successional
and spatial changes altering the balance in the C-S-D equilibrium both spatially
and temporally.’

There are quite dramatic differences in species diversity displayed at the survey
sites. Some are virtually monospecific while others have a large number of species
with no clear dominant. It will be revealing to see if this is reflected in strategy
terms, or if one strategy type is dominant. The range of different strategies (as well
as the ecological amplitudes of constituent species) exhibited by a community may
give an indication of its resilience to change. Work in terrestrial systems suggests
it is unusual to have only one strategy type in a community. Grime (1988), in
reviewing the implications of strategy theory, suggests that ‘analysis of the strategic
diversity within a plant community will... provide clues to the mechanisms which
permit co-existence and control the relative abundance of species.' Comparisons of
the strategic diversity displayed by environmentally different sites may provide
further clues to these mechanisms.

Although Grime advocates investigating variation of strategies between populations
of a species his results are reported on a species basis with the range of species
characteristics shown. Murphy e al. (1990) designed their analysis on a population
basis (although the range of populations was limited) but, since they uncovered no
differences, found it convenient to adopt a species based approach. This may not
always be the case however, because well delimited sets of genetically defined
characteristics occur in populations rather than species (Verhoeven et al 1982).
Bearing this in mind, in this study initial field measurements were undertaken at a
population level. '
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Despite the criticisms levelled at it, strategy analysis is useful to ecologists as a
simple and easily understood way of presenting a complex set of data on adaptive
traits (Murphy et al. 1990). Southwood (1988) encouraged research into strategy
theories but suggested three improvements:

1. Further rigour in the quantitative definition of axes of templets.

2. Explicit models of life history strategy to explore the trade off between the
various tactics.

3. More holistic studies on communities and organisms along one or other of the
axes to test the systems and predictions that have been made. Combinations of field
observations with information from the literature may be a powerful comparative
approach.

While all three recommendations are valid, the third recommendation has been
particularly noted, and this approach is the basis of the work presented in this
chapter. However, Bradshaw (1987) described three limitations to the inferences
that could be drawn from comparative studies: 1) There is no way of determining
the generality; a very large number of comparisons is needed. 2) An asymmetry of
proof exists (i.e. Popperian principles dictate that only disproving a hypothesis is
possible), therefore imagination is needed to create testable hypotheses. 3) There
are problems in attributing particular effects to particular causes, because of
confounding variables. All of these limitations are noted and fhere) implications
discussed as the results of the study are presented.

4.1.2 The predictive use of strategy theory

A clear statement of the potential application of this approach is given by Shipley
and Parent (1991); 'community ecology reqdires a set of predictive relationships
that transcends taxonomic boundaries and allows one to extrapolate from the
particular to the general. It is therefore important to know how general the
relationships are that we now possess and how accurately these relationships can
predict.’  Various predictive relationships between individual plant traits, or
strategies, and environmental gradients have been reported. Shipley and Keddy
(1988) found a positive correlation between sensitivity to nutrient stress and relative
growth rate. This would be expected from Grime's theories, with competitive plants
having high relative growth rates, but high vulnerability to nutrient stress; while
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stress tolerant plants have lower relative growth rates but are less sensitive to
nutrient stress. They suggested that this may allow the prediction of the response of
species to suboptimal resource levels. Shipley et al. (1989) documented increasing
exhibition of competitive traits in wetland plants along a gradient of increasing soil
fertility and increasing incidence of stress tolerant traits along a gradient of
increasing water depth. Gaudet and Keddy (1988) noted a relationship between
competitive ability and morphological plant traits. Of particular importance were
plant biomass, plant height, canopy diameter, canopy area and leaf shape. Franz and
Bazzaz (1977) used 'niche differentiation' as a statistic of a population which
represents a holistic response to the environmental complex. They relate this to a
single environmental factor, flooding probability. While this is a species based
model it uses a functional characteristic to define the species changes. Duarte and
Roff (1991) developed a predictive model based on plant traits, of submersed
macrophyte community response to environmental change. Montavalo et al. (1991)
recorded a change in morphological and functional traits along an altitudinal
gradient in the Central Spanish mountains. Day ef al. (1988) described variation in
strategies (or functional groups) along fertility and disturbance gradients in a marsh.
The variation of the functional grdiips delimited in this chapter is discussed in
relation to environmental character in Chapter 8. . :

In concluding this evaluation of strategy approaches we must bear in mind that
while the approach is a useful descriptive, and to some extent predictive tool, it
should not be concentrated on to the exclusion of autecological research. Without
background knowledge of the organisms under study the points illuminated by the
analysis will not be understood. While some studies find the three strategy model
too simplistic (Menges and Waller 1983), Day ef al. (1988) conclude that, in the
modelling of plant communities, at one extreme there are simple multivariate
descriptions of vegetation based upon species that are site specific with low
generality; at the other extreme are broad conceptual models that may not apply to
specific communities or small scale variation. By shifting viewpoints along this
continuum it is possible to detect principles that would be missed by insisting on
one or the other. This would appear to be the case for a study of riverine wetland
euhydrophytes, where existing broad models do not seem applicable, yet a mere
cataloguing of vegetation types seems inadequate for the purpose of generalised
predictions.
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4.1.3 Applications of a functional approach to aquatic vegetation.

At present strategy analysis (or a functional approach) has not been widely applied
to rverine euhydrophytes since most of the work carried out has been on
herbaceous species, and in particular those of grasslands. Grime et al. (1988) did
not include aquatic species in their work because 'criteria were not available'.

Recent applications of strategy theory to aquatic vegetation have been have been
largely confined to data from lacustrine habitats or emergent communities (Boston
1986; Farmer and Spence 1986; Day et al. 1988; Kautsky 1988; Shipley et al. 1989;
van Vierssen 1990; Murphy ef al. 1990; Springuel and Murphy 1991) leaving little
detailed investigation of the validity of the approach in riverine euhydrophyte
communities. Day et al. (1988) proposed five strategies from the Ottawa River:
clonal dominants; gap colonisers; stress tolerators; reeds; ruderals. These were
arrived at by measuring environmental traits and grouping species according to
them, before commenting on the traits of the resulting groups. Rerslett (1989)
adapted Grime's set of traits for aquatic plants and used these to analyse the
relationship between the strategy elements and increasing water fluctuations. As
would be expected from strategy theory, species possessing ruderal traits
predominated where fluctuations were high. Rerslett related this finding to the
occurrence of a transient niche as discussed in Rerslett and Agami (1987).

Murphy et al. (1990), using the same set of traits developed by Rerslett (1989),
found a high incidence of stress tolerant traits in plants occurring in habitats
characterised by low nutrient availability and low pH, and a higher occurrence of
disturbance-tolerant and competitive traits in plants found in productive lakes
impacted by fluctuating water levels. They concluded that a strategy approach is
valid for highlighting differences in environmental pressures influencing lake
habitats and went on to suggest that the strategy approach might also help pinpoint
the relative importance and contribution of anthropogenic and natural pressures.
For example the increased mineral ion loading in one loch was not reflected in gross
chemical changes over a 58 year time period, but changes in the community strategy
were still apparent.

Duarte and Roff (1991) used submersed macrophyte architecture and life history
strategies to develop a predictive model for community response to environmental
change. Using architectural and life history characteristics they were able to predict
successfully species dominance, absence and rank at sites along a productivity
gradient.  Kautsky (1988) recognised four primary strategies for aquatic
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macrophytes in the Baltic Sea. Light was chosen as the primary stress factor and
exposure as a measure of disturbance. The plant traits measured were maximum net
production and a 'morphology index' based on height of canopy and lateral spread.
Kautsky divided Grime's stress tolerator strategy into 'biomass storers' and 'stunted
strategy' to give her four strategies. These last two categories of plants exploited
low disturbance + high stress and high disturbance + high stress respectively,
although she agreed with Grime that under conditions of extreme stress combined
with extreme disturbance plant survival would not be possible. Kautsky (1988)
went on to outline the key morphological, physiological and life history traits of her
four strategies.

Wiegleb and Brux (1991) in an investigation of the genus Potamogeton do not
consider that strategies, or individual plant traits, are strictly correlated to a
particular habitat condition (conceptualised as predictability and severeness of
habitat). They consider that the same environmental pressure can be resisted by
different traits (e.g. heavily disturbed sites can be colonised by various regenerative
strategies: perennial rhizomes, fragments, mobile turions or a permanent seed bank).
They concede that traits can be considered vital attributes and may allow
predictions on the future persistence of those plants, as suggested by Noble and
Slatyer (1980) and expanded by Wiegleb et al. (1991). They also highlight the
advantages of undertaking research at different levels of organisation (e.g.
population, genet, clone, patch, shoot complex, vertical shoot, modular unit) as
some traits (e.g. life span), require different levels of research and cannot always be
generalised at species level. Wiegleb et al. (1991) attempted to explain decline and
maintenance of Potamogeton species in lowland rivers and streams in terms of life
history characteristics. They based their choice of life history characters on the
assumption that fitness in a clonal plant such as Potamogeton is determined by
optimally allocating resources to fragmentation, vertical and horizontal growth. The
characters they chose were mobile turions, unspecialised winter buds and re-rooting
fragments, relating to vegetative reproduction; perennating rhizomes, perennating
stolons, fast growing stolons and emergency turions, relating to horizontal growth;
infinite growth, phenotypic plasticity, synchronous shoot polymorphism and
regrowth from reserve buds, relating to vertical growth. They suggested that
mobile turions, rooting shoot fragments, regrowth from reserve buds, a perennating
rhizome, phenotypic plasticity and synchronous shoot polymorphism were key
characters under conditions of intense disturbance. Bornette ef al. (1994) found that
species traits could be used to explain macrophyte distribution in a river floodplain,
although they did not restrict themselves to euhydrophytes.
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Many characters of aquatic plant strategies (and general plant strategies) have been
dealt with in detail individually (Al-Mufti et al. 1977; Raven 1981; Grime and
Mowforth 1982; Grime et al. 1985; Givnish 1987; Sondergaard 1988; Duarte and
Kalff 1990); these and other sources are used to compile the list of species
attributes analysed in this chapter. A list of suitable traits for investigation can be
compiled by looking at the basic functions of the organism and looking for traits
related to these functions; by looking for traits related to an investigator defined
function; or by listing as many measurable traits as possible from the study and then
investigating the patterns. The latter approach has been commended as pragmatic
for exploratory studies (Keddy 1992a) and as this work is looking for a generalised
classification this is most applicable.
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4.2 Methods

As outlined above the approach used was a complementary analysis of a traits
obtained from the published literature and field measured traits.

4.2.1 Literature derived traits.

Information was taken from the literature on a wide range of species and species
traits. This was synthesised down to a list of traits on which information was
available for most species. Over 70 works were used in producing this list (see
Bibliography). 18 traits were used, but for the purposes of analysis some traits were
divided into attributes which allowed them to be presence/absence coded (Leishman
and Westoby 1992). This resulted in 34 attributes in total, which are given in Table
4.1. Scores of 0, 1, 2 were allocated to each attribute with 0 indicating absence of
the attribute, 2 indicating presence of the attribute and 1 indicating conflicting
evidence or only occasionally exhibited. The species by traits matrix is shown in
Appendix 5. The 45 species included were those encountered in the 1992 field
survey, which covers the majority of species encountered over the entire survey
period, with the exception of those few unique to the 1993 survey.

4.2.2 Field measured traits
Field measurement of traits was carried out between April and October 1992, and
April to September 1993.

The field traits measured were morphological, and all measurements were done at
the ramet scale of organisation. A ramet is defined as a modular unit of a clone,
that may follow an independent existence if separated from the parent organism
(Lincoln et al. 1982). A description of each measure is given in Table 4.2. Values
are based on 10 replicate measurements taken from independent ramets. Where this
was not possible, or was considered too destructive, smaller numbers of replicates
were used, to a lower limit of 5. Where possible measurements were taken on : |
fruiting specimens to ensure that plants were mature. Measurements were taken at
the population level (5-10 replicates per population) and the mean of these
measurements used at the species level. Between one and seven populations were
quantified for each speéies. The species by traits matrix (population level) is given
in Appendix 6.
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Table 4.1 Established phase traits taken from the published literature

No. | Trait Attribute Code
1 Growth form free floating surface ffsur
free floating submerged ffsub
submerged rooted subr
submerged and floating | subf
leaved
floating leaved only flo
2 Wintergreen wg
3 Potential annual a
4 Canopy former cf
5 Amphibious amp
6 | Heterophyllous het
7 Pollen vector wind win
water wat
insect ins
self self
9 High below : above ground bta
ratio '
10 | Lacunal air spaces lac
11 | Extensive lateral spread lat
12 | Vigorous seed production VSp
13 | Shoot architecture single stem, few or no | snonb
branches
multiple stems arising from | mult
base
single stem, many branches | sinb
14 | Plant size small 0-10cm pls
medium 10-40cm plm
large 40cm+ pll
15 | Leaf type rigid Ir
soft Is
waxy Iw
16 | Leaf area small las
medium lam
large lal
17 | Flowering phenology early (april/may) ear
mid (june/july) mid
late (august/september) late
18 | Bicarbonate user hco3

81




Table 4.2 Established phase traits measured in the field

No | Trait Method Units Code
1 | Proportion floating | no floating leaves divided by | % Yefl
leaves total number of leaves
2 Total no. leaves no. leaves per ramet integer | tlv
3 Leaf length callipers mm vl
4 Leaf breadth callipers mm Ivb
5 Leaf thickness micrometer mm Ivt
6 Internode distance callipers cm int
7 Leaves per node count integer | lpem
8 | No.sexual no. reproductive structures | integer | norep
reproductive discretely separated on the
structures stem (e.g. spike)
9 Stem thickness micrometer mm st
10 | Stem length maximum stem length cm sl
11 | Biomass of stem stem dry weight g bios
12 | Biomass of leaves total leaves dry weight g biol
13 | Biomass of sexual | total fruit/flower dry weight | g bior
reproductive parts
14 | Biomass allocation | Proportion of dry weight in | % Pos,%01, %ot
stems, leaves, sexually
reproductive parts
15 | Total biomass dry weight of entire ramet g tbio
16 | No. of seeds Total number of seeds integer | nseed
17 | Leaf area DELTA T video leaf area| mm? |1a
meter.

Dry weights were measured, as an indicator of biomass (Harper 1977), to four
decimal places on a Precisa 125A digital balance, after drying to constant weight at
600C. Leaf areas were measured to the nearest mm? on a Delta-T area measuring
video system . Image analysis based techniques such as these have been compared
against calliper measures and other techniques and give significantly better results
especially for dissected leaved species (Gerber ef al. 1994). Leaf length and breadth
and internode distance were measured using callipers. The middle internode and
leaves of a plant were chosen for measurement. Leaf thickness and stem thickness
were quantified using a micrometer. Stem thickness was measured 5 cm above the
sediment level. Leaf thickness was measured as close as possible to the centre of the
leaf but not over a vein. Stem length was taken as the length of the shoot when fully
extended.
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4.3 Data Analysis

4.3.1 Defining functional groups

The aim of analysis of the large data sets produced by field measurements and by
literature review was to group the populations and species into a set of ecologically
sensible groups using the attributes they possess. The concept of grouping species
or communities is a construction of ecologists and it is a matter of debate whether
variation in ecological communities occurs as discrete, discontinuous classes or as
continuous community variation (Gauch 1982). It is also unclear how the variation
of species attributes is structured. What obviously is important is not to rigorously
impose an artificial structure on the data, but to try to reflect the true patterns of
variation as far as possible, although it is accepted that, for practical purposes,
arbitrary dissections must sometimes be imposed on essentially continuous
community variation (Whittaker 1962). Gauch (1982) recommends that if variation
is discontinuous then classification is a natural framework but if it is continuous
then ordination is more natural. He therefore advocates the complementary use of
both methods.

In the analysis of the established phase traits I did not predefine groups or
'strategies' to which the species must conform, but rather the data was used to form
ecologically sensible groupings of species which could then be examined and
categorised. Botkin (1975) defines functional groups as sets of plants which have
common physiological, reproductive and life history characteristics and where
variation in each characteristic has specific, ecologically predictive value. While
physiological traits have not been given much emphasis in this work, it is recognised
that this is not ideal and it is accepted that they play an important role in any
functional classification. It is hoped that grouping by the selected traits will reflect
some of the underlying physiological characteristics of the group. MacMahon et al.
(1981) adopt a more holistic outlook, defining a functional group as ‘all organisms
which perform the same investigator defined ecosystem function'.

The initial analysis was carried out on the data taken from the literature, as this
covered a larger range of species and traits. This could then be compared with the
field measurements. The data consisted of a matrix of 45 species by 34 attributes, as
shown in Appendix 5. Leishman and Westoby (1992) found it necessary to weight
attributes where certain attribute categories were over represented. In the present
study no weightings have been assigned, as it was felt that these could as easily
introduce bias as eliminate it. Montavalo et al. (1991) used a relatively high number
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of phenotypic characteristics (60) and felt this was sufficient to give a broad
characterisation of species without an a priori assumption that some attributes are
more important than others.

The first step was to cluster the data into homogeneous groups as far as possible.
The technique used was non-hierarchical clustering, using the GENSTAT statistical
package. This technique is more appropriate for data where an underlying gradient
is not assumed to exist. In this case the relative adaptive significance of traits is
unknown, therefore a hierarchical structure is not appropriate (Orshan 1980).
Where sets of mutually exclusive traits are used one is dropped from the analysis to
avoid the computational problems of redundant data. The 10 starting groups were
chosen using a TWINSPAN classification (see Chapter 3). TWINSPAN is a
hierarchical divisive polythetic technique of classification (Hill 1979). As this also
assumes a gradient, it is not the most appropriate method for the type of data set in
question, however it is adequate to make a sensible initial grouping of the data,
which allows the subsequent non-hierarchical clustering to function optimally. A
number of clustering runs were performed using slightly different starting groups so
as to ascertain their effect on the end result. In all cases the final clusters were
identical, which allayed apprehensions about the influence of starting groups on the
clusters. A number of criteria can be used to delimit clusters, and, as they are
independent, it is not possible to optimise all of them so a choice of clustering
criteria must be made. In this case the ratio of within groups sum of squares to
between groups sum of squares was used (hereafter labelled SS criteria). The SS
criteria was then plotted against the number of groups (Fig. 4.1). The SS criteria
rises sharply after 6 clusters (i.e. the groups get much less homogeneous) which
suggests that this is the optimal grouping of the data. After examination of the
composition of the groups produced by 5, 6 and 7 clusters, 6 clusters also seemed
to be ecologically sensible and so were used as preliminary functional groups for the
continuing analysis. The species distribution amongst these groups is shown in
Table 4.3.



Table 4.3

Functional group (FG) membership for 6 clusters formed by non-

hierarchical clustering of species using published literature traits.

FG1 FG2 FG3
H. palustris C. demersum G. declinata
O. fluviatilis E. canadensis G. fluitans
R. aquatilis J. bulbosus P. coloratus
" R. penicillatus M. alterniflorum P. lucens
R. peltatus M. spicatum P. natans
R. trichophyllus M. verticillatum P. nodosus
R. circinatus P. pectinatus P. polygonifolius
P. berchtoldii S. emersum
P. crispus S. angustifolium
P. obtusifolius
P. pusillus
P. trichoides
U. vulgaris
U. intermedia
Z. palustris
FG4 FG5 FG6
C. hamulata N. alba E. acicularis
C. stagnalis N. lutea H. morsus-ranae
C. obtusangula N. pumila L. minor
C. platycarpa P. amphibia L. polyrhiza
S. sagittifolia L. trisulca
Fig 4.1 Levels of clusteringand S § criteria
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The next step was to examine the classifications within the framework of an
ordination. A Principal Components Analysis (PCA), using the UNISTAT statistical
package, was carried out to ordinate the species. The first four components
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contained 52.7% of the variation in the data set. The species ordination on
Components 1 and 2 is shown in Fig. 4.2. Component 1 contains 17.2% of the
total data set variation, component 2 takes up a further 13.6%. The functional
groups are overlaid on the ordination. These two components divide the 6 groups
well, with each group distinct in space. Species ordination by components 3 and 4 is
shown in Fig. 4.3 with the functional groups again overlaid. The separation is
obviously poorer than on the first two components, but still shows distinct
grouping. Components 3 and 4 contain 12.1% and 9.7% respectively of the
variation in the entire data set. Where individual traits are completely uncorrelated a
PCA would not be expected to simplify the data set. Where many traits are
correlated to some degree much of the variation will be contained in the first few
components of the analysis. Where this is the case a PCA is an efficient tool to
elucidate a complicated data set. In this case the traits are not highly inter-
correlated, but the first four axes still offer a useful insight into the data. The
subsequent components each only explain a small percentage (< 8%) of the total
variation and have therefore not been considered.

From these two complementary assessments (non-hierarchical clustering and PCA),
a classification into 6 groups was accepted for further analysis. This classification is
as objective as possible, but as agreed by Foran et al. (1986) ‘judgements on the
basis of experience are still an integral part of the process.' So, while not allowing
prior knowledge of the species to unduly influence the actual clustering process, the
classification was accepted as workable on the basis of ecological experience.

To examine the influence of individual traits on the clusters, two analyses were
conducted:

1. Examination of the correlation of traits:

a) with each other

b) with the first four principal components.

2. A linear discriminant analysis to look at the discriminant power of individual |
traits and also their use as predictors for new cases. ’
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Component 2

Fig 4.2 Plot of Component 1 and Component 2 from the PCA of species established phase traits. Functional groups delineated by

dotted lines (for species codes see Appendix 2).
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Component 4

Fig 4.3 Plot of Component 3 and Component 4 from the PCA of species established phase traits. Functional groups delineated by

dotted lines (for species codes see Appendix 2).
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