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Executive Summary 

I. This report uses a training set of data from 31 Welsh lakes to develop and evaluate 
an integrated biological classification scheme. 

2. The data used to construct the classification were obtained during a series of 
surveys to assess the biological status of lakes of conservation interest in Wales over 
the period 1993-1997. The data include physio-chemistry and quantified assemblages 
of the following biological groups; epilithic diatoms, surface sediment diatoms, 
aquatic macrophytes, littoral cladocera (zooplankton), open-water zooplankton and 
littoral macroinvertebrates. 

3. Analysis of the physio-chemistry of the 31 lakes reveals a single, dominant, and 
very wide environmental gradient from low to high pH, alkalinity, conductivity, major 
ion and phosphorus conditions. These variables strongly co-vary within the training 
set. This primary gradient is negatively related to lake altitude. Subsidiary 
environmental gradients associated with metal concentrations (Fe, Mn, Cu, labile Al) 
arc also apparent. 

4. Comparison of the physical data from the training set with the CCW Welsh Lakes 
Inventory indicates that the altitudinal range of Welsh lakes is effectively represented, 
but that the training set is biased towards larger standing waters and does not represent 
the large number of small ( <2 ha) ponds and pools common in the Welsh landscape. 
Comparison with a chemical survey of a random sample of Welsh lakes suggests that 
the training set lakes effectively represent the gradients of key chemical variables ( e.g. 
pH. conductivity, phosphorus) across Welsh lakes, although in proportional terms 
under-represent the nutrient poor, acid lakes with low ionic strength which dominate 
the total population of Welsh lakes. 

5. A range of classification teclmiques were applied to both the individual biological 
groups and to the integrated biological dataset. The most coherent, readily 
interpretable biological classifications were obtained using the widely applied 
TWfNSPAN method. These classifications arc presented, along with biology
environment classifications obtained using COINSPAN, a variant of TWINSPAN in 
which classification is constrained by environmental variables. 

6. Analysis of variation within the individual biological groups demonstrates the 
dominant role of the primary environmental gradient in determining species 
assemblages. 

7. Indirect ordination of the integrated biological data reveals a single significant 
gradient of variation, strongly correlated to the primary environmental gradient ( e.g. 
acidity, conductivity, ionic strength and phosphorus). There is a clear distinction on 
this gradient between sites with biological characteristics associated with low pH, 
conductivity and phosphorus conditions, against sites with biological characteristics 
associated with richer conditions. Within these two broad groups there no clear 
clustering of sub-groups can be defined. Llyn Tegid is an outlier to the main gradient, 
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exhibiting biological characteristics 
only at that site. 

both groups and containing species occurring 

8. Direct ordination using canonical correspondence analysis (CCA) confirms the 
relationship between the primary environmental and biological gradients. Forward 
selection within CCA identified five environmental variables which independently 
explain a significant amount of the variation in the integrated biology dataset; pH, 
conductivity, Fe, lake area and chlorophyll a. 

9. TWINSPAN classification of the integrated dataset results in seven site groups 
(endgroups) at four levels of division. The seven endgroups are coherent and 
interpretable in terms of both biological and environmental characteristics. 

l 0. Indicator species have been defined using the Ind Val method for both the 
divisions in the integrated classification hierarchy and for the endgroups. Indicator 
species defined in this way can potentially be used to classify new sites into the 
scheme. 

11. The structure of the TWINSPAN endgroups reflects the primary environmental 
gradient. Canonical variates analysis (CV A) reveals that, in environmental terms, the 
endgroups arc most effectively discriminated by pH, soluble reactive phosphorus and 
chlorophyll a concentrations. These environmental variables could potentially be used 
to classify new sites into the scheme 

12. Comparison of the integrated TWINSPAN classification with classifications 
derived from the individual biological groups shows that the integrated scheme most 
closely corresponds to the aquatic macrophyte TWINSPAN scheme. This suggests 
that (of the biological groups studied) the aquatic macrophytes most effectively 
summarise the structure of the integrated biological data. This finding probably results 
from the fact that macrophytes both respond to variations in water chemistry and 
substrate. and have an important role in determining habitat availability for other 
biological groups in lake systems. However, the aquatic macrophyte classification is 
poor at resolving site groupings among the lower alkalinity sites in the training set, 
especially in comparison to the diatom classifications. 

13. The Palmer classification scheme does not effectively reflect the structure of 
variation in either macrophyte or integrated biological data from the training set lakes. 
This may relate to the relatively poor representation of Welsh lakes in the Palmer 
scheme. 

14. The OECD classification scheme also does not effectively reflect the structure of 
integrated biological variation at the training set sites. 

15. The end group structure of the integrated classification is sensitive to the numerical 
technique applied and to the combination of input data used ( e.g. selection of 
biological groups), although some features of the classification appear relatively 
stable ( e.g. the primary division and the site grouping at the more alkaline end of the 
primary environmental gradient). This sensitivity highlights the arbitrary nature of site 
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classification the structure of between-site variation is continuous along a strong 
gradient. The scheme could be further developed and validated by the use of a test set 
of additional sites with the same biological and physio-chemical measurements as 
available for the training set lakes. However the key problem is one of classifying sites 
which vary continually along a gradient, and this might not be resolved without adding 
many more sites to the dataset. 

16. A key finding of the study is that biological variation within all the individual 
groups studied relate most strongly to the primary environmental gradient. Biological 
variation along this wide gradient can be effectively represented by a small number of 
environmental variables and associated co-variables (e.g. pH, SRP, chlorophyll a, 
conductivity, TP, alkalinity). The analyses do reveal other environmental parameters to 
be closely correlated with the biological variation in individual species groups (e.g. 
diatoms and aluminium, surface sediment diatom assemblages and depth, open-water 
zooplankton and manganese), but these relationships are not clearly represented in the 
integrated data due to the dominance of the primary environmental gradient. 

17. The results suggests that, in terms of site selection for conservation, effective 
representation of the primary environmental gradient identified in this study should 
result in effective representation of integrated biological variation. At present the wider 
application of the integrated classification scheme presented in this report is not 
recommended, as the scheme is sensitive to the combination of input data and 
numerical technique applied. CCW should consider further developing and evaluating 
the integrated scheme by adding new sites to the dataset, although this would be 
resource intensive. Nevertheless, some pragmatic recommendations can be made 
concerning future CCW strategy for assessing and classifying lakes for conservation 
purposes. A two-tier approach is recommended. First, initial site assessment and 
classification using physio-chemical parameters representative of the primary 
environmental gradient (e.g. pH, alkalinity, conductivity, total phosphorus, chlorophyll 
a). Second, more detailed biological assessments of sites with atypical physio
chemistry or of particular conservation importance. Of the biological groups studied 
the aquatic macrophytes most clearly reflect the structure of the integrated biological 
data, and macrophytes are therefore recommended for biological assessments. 
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1 Introduction 

Site selection and evaluation arc key aspects of UK conservation practice. Criteria for 
evaluating sites of nature conservation interest include factors such as the diversity of 
species and habitats, the area of the site, rarity of species or habitats, naturalness and 
representivity of the site (Usher 1986). It is increasingly recognised that the series of 
sites selected for conservation should contain adequate representation of the total range 
of variation in ecosystem types (NCC 1989). In the UK classifications have provided an 
important framework for the selection of key conservation sites, including standing 
waters. The Nature Conservation Review (NCR) selected key standing water sites using 
a classification of six site types; dystrophic, oligotrophic, mesotrophic, eutrophic, marl 
and brackish (Ratcliffe 1977). More recently Palmer (1992) has classified standing 
waters throughout Great Britain using aquatic macrophytcs. Ten site types arc defined 
based on the occurrence of individual rnacrophyte species, and the current process of 
selecting lakes for conservation in Britain is largely dependent on this scheme. 

However, it is increasingly being suggested that classification should be based on all the 
relevant biologically and environmental attributes of an ecosystem (see Duigan & 
Kovach 1994). The conservation ethic is moving away from the consideration of single 
species and towards approaches based on a fuller range of site resources (Usher 1986), 
and consequently selection of lakes for conservation should be based on a wider range 
of biological groups than macrophytes alone. There is therefore a clear requirement for 
the development of integrated site classifications that take into account a more complete 
range of the environmental and biological variation exhibited by standing water sites. 

This report presents site classification schemes derived using a training set of 
environmental and biological data from 31 Welsh lakes. This dataset was constructed 
from a series of field surveys of standing water sites of conservation interest in Wales 
between 1993-97, as part of a wider project on assessment of lakes in Wales funded by 
the Countryside Council for Wales (CCW) (Allott el al. 1994, Monteith 1995, 1996, 
1997). The dataset contains detailed physio-chemical data and abundance values for taxa 
within six biological groups; cpilithic diatoms, surface sediment diatoms, aquatic 
rnacrophytes, littoral cladoccra, open-water zooplankton and littoral macroinvc11ebrates. 
These biological groups represent only a subsample of total biological variation within 
lake systems, and clearly the dataset excludes important species groups ( e.g. 
phytoplankton, fish, mammals, birds). Nevertheless, the survey data present an excellent 
basis for the development and evaluation of site classifications based on integrated 
biological data. 

This report therefore aims to develop a spatial-state site classification for the training set 
lakes using integrated biological data, and to evaluate the scheme with specific reference 
to biological variation within the individual species groups, environmental influences on 
this biological variation, and the stability of the classification structure. 

The data analytical strategy used within the study is as follows: 

In the first analytical stage the physio-chemical characteristics of the training set lakes 
arc compared to those of other relevant Welsh lake datasets. This allows evaluation of 
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the representivity of the training set lakes to Welsh lakes as a whole. As part of this 
exercise, the physio-chemical variation within training set lakes has been described 
and the important environmental gradients identified. 

The second analytical stage consists of classification of the training set lakes using 
individual biological groups. This allows the key structure of variation in the data 
from individual biological groups to be explored. As part of this exercise the 
environmental variables most strongly related to variation in the individual biological 
groups have been identified. 

Biological variation in the integrated dataset is then explored using ordination. This 
allows the structure of the total biological variation to be summarised, and the 
environmental variables most strongly related to this variation to be identified. 

In the final analytical phase an integrated classification scheme has been constructed 
by TWIN SP AN analysis of the integrated biology dataset, and interpreted in terms of 
indicator species and environmental characteristics. The scheme is then evaluated by 
comparison to other classifications derived from the training set data and from 
existing schemes, and by analysis of the stability of the integrated scheme. 
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Table 1.1 Training set lakes with grid references, site codes and site 
abbreviations used in the report 

Site name Grid 
reference Site Code Site Abbreviation 

Llyn ldwal SI 1646595 CWOOI ID 

Llyn Cwcllyn SI I 560550 CW002 cw 

Llyn Coron Sll378700 CW003 CR 

Llvn Dinam Sll311775 CW004 DN 

Llyn l'rnrh, n SI 1315770 CW005 l'R 

Bugcilyn SN 822923 CW006 BG 

Llyn l:iddwcn SN 605670 CW007 EW 

Llyn Fanod SN 603643 CW008 FN 

Llyn Glanmcrin SN 755991 CW009 GM 

Uyn Gynon SN 800647 CWOIO GY 

Llyn I lir SN 789677 CWOII HR 

West leuan SN 795815 CWOl2 JU 

Maes-lJyn SN 693628 CW013 MS 

Upper Talley Lake SN 632337 CWOl4 UT 

Lower Talley Lake SN 633332 CWOl5 LT 

Kenlig l\JOI ss 790820 CWOl6 KF 

Llyn Ucch Owain SN 569151 CWOl7 ow 

Llyn Fach SN 905370 CWOl8 FC 

Llanlmchllyn so 118464 CWOl9 BW 

Llangorsc Lake so 132265 CW020 LG 

Llyn y Fan Fawr SN 831217 CW021 FW 

1 lanmcr Mere SJ 453392 CW022 IIM 

Llyn Tcgid Sll910335 CW02J TG 

Llyn Alwcn Slf 898567 CW024 AW 

Llyn Glaslryn SI 1404422 CW025 GF 

Llyn Rhos-Ddu SI 1425648 CW026 RD 

Llyn Mymbyr SIi 708574 CW027 MB 

(jloyw Lyn SI 1647298 CW028 GW 

Llyn yr Wyth Eidion Sll470820 CW029 WE 

IJyn Cau Sll715124 CW030 cu 

Uyn Llagi SI I 649483 CW031 LL 
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2 Methods 

2.1 Data format and datasets 

All data analysed in this report are derived from field surveys conducted for CCW 
over the period 1993-1997 and stored in a relational database at the Environmental 
Change Research Centre, University College London. Data are summarised in reports 
for Phases I-IV of the Lake Classification project (Allott el al. 1994, Monteith 1995, 
1996, 1997). Sampling methodologies are described in detail by Allott ct al. (1994), 
with minor amendments reported by Monteith (1995). 

2.1.1 Physio-chemical data 

The physio-chernica! data set used in the analyses consists of twenty water chemistry 
variables, eight bathymetric/catchrnent variables and thirteen lake habitat variables 
(Table 2.1 ). Several variables were log transformed for normality. Water chemistry 
data is based on the mean of four samples collected at three month intervals for all 
sites. Mean pH is calculated as the pH equivalent of the mean hydrogen ion 
concentration. Metal concentration data for the five Phase I sites was obtained for one 
sample only. Lake habitat variable scores arc based on an ordinal 1-5 scale, derived 
from notes taken during the aquatic rnacrophytc shoreline surveys, and summarise the 
extent of representation of a range of littoral substrates and aquatic macrophyte 
structural types. 

2.1.2 Biological data types 

The biological groups included in the analyses include; epilithic diatoms, surface 
sediment diatoms, aquatic macrophytes, open water zooplankton, littoral cladocera 
and littoral macroinvertebratcs. Table 2.2 presents the number of sites for which data 
were collected and the number of species included in the final analysis. Littoral 
macroinvertebrate data were not collected from one site, Llanbwchllyn, due to the 
disturbance caused to the littoral habitat in this system by reservoir draw-down effects 
and consequent water-level fluctuations. The littoral macroinvertebrate and integrated 
biology datasets therefore consist of 30 sites. All data have been subject to taxonomic 
quality control. 

Epilithic diatom data represent the percentage abundance of taxa in three or more 
pooled samples taken from epilithic or, where these were absent, epiphytic locations 
from around the lake perimeter. Two samples in this dataset are represented by 
epiphytic samples rather than cpilithon; Hanmer Mere and Llyn Rhos Ddu. 
Approximately 300 diatom frustules were counted per sample. Those species which 
did not meet the criteria of either being recorded in at least five sites or occurring at an 
abundance of greater than 2% at any one site were excluded from the analysis. 

Surface sediment diatom data represent the percentage abundance of taxa in the 
surface sediment sample taken from a deep water location from each site. At least 300 
diatom frustules were counted per sample. The same exclusion criteria applied to the 
cpilithic diatom data were implemented. 
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Table 2.1 Physio-chemical variables used in data analyses 

Variable Description Units Transformation 
code prior to analyses 

Alk Alkalinity µeq rl log (x+20) 
PH pH pH units none 
Cond Conductivity µScm- 1 log (x+ I) 
Na Sodium µeq r1 log (x+ I) 
K Potassium µeq r1 log (x+ I) 
TP Total phosphorus ~Lg p r1 log(x+I) 
SRP Soluble reactive phosphorus µg p rl log(x+l) 
Mg Magnesium ~teq i-1 log(x+l) 
Ca Calcium µeq r 1 log (x+l) 
Cl Chloride µeq r1 log (x+l) 
LabAl Soluble labile aluminium ~lg r1 log (x+ I) 
TOC Total organic carbon mg r 1 none 
NO3 Nitrate ~lg N ,-1 log (x+ I) 
SR Si Soluble reactive silica mg r 1 log (x+ I) 
Ch! Chlorophyll a ~tg r1 log (x+ I) 
SO4 Sulphate ~teq r 1 log (x+ l) 
Fe Total soluble iron µg rl log (x+ I) 
Mn Total soluble manganese µg rl log (x+l) 
Zn Total soluble zinc ~l.g r1 log(x+I) 
Cu Total soluble conner ~lg r1 log (x+ I) 
Alt Altitude m above s1 log (x+ 1) 

L area Lake area ha lo.g (x+ I) 
Depth Lake maximum depth m log (x+ I) 
SDI Shoreline development index log (x+ I) 

(perimeter: lake area ratio) 
Secchi secchi disc depth m log (x+ l) 
C:L catchment:lake area ratio log (x+ I) 
Vol Lake volume X IQ' m3 log(x+l) 
HRT Hydraulic residence time days log (x+ I) 
SS silt Extent of littoral silt substrate ordinal ( 1-5) none 
SS sand Extent of littoral sand substrate ordinal ( 1-5) none 
SS grav Extent of littoral gravel substrate ordinal ( 1-5) none 
SS pebbs Extent of littoral pebble substrate ordinal ( 1-5) none 
ss cobbs Extent of littoral cobble substrate ordinal ( 1-5) none 
SS bould Extent of littoral boulder substrate ordinal ( 1-5) none 
SS bedrk Extent of littoral bedrock substrate ordinal ( 1-5) none 
H Bryos Extent of bryophytes in littoral ordinal ( 1-5) none 
H isos Extent of isoetids in littoral ordinal (1-5) none 
H subvas Extent of submerged vascular plants in littoral ordinal ( 1-5) none 
H Charos Extent of charophytes in littoral ordinal ( 1-5) none 
H Float Extent of floating leaved plants in littoral ordinal ( 1-5) none 
H Emerge Extent of emergent plants in littoral ordinal (l-5) none 

13 



Table 2.2 Biological groups included in the data analyses 

Biological group Number of lakes included Total number of species 
in the dataset included in analyses 

Epilithic diatoms 31 134 
Surface sediment diatoms 31 156 
Aquatic macrophytes 31 65 
Open water zooplankton 31 55 
Littoral cladocera 31 56 
Littoral macroinvertebrates 30 1,7 .)_ 

Integrated biology dataset 30 598 

Aquatic macrophyte data is based on a 1-5 scale (1 rare, 2 occasional, 3 
frequent, 4 abundant, 5 = dominant) representing the relative abundance of taxa 
determined following a shoreline survey and deeper water transect surveys. To avoid 
the problems associated with defining the extent of the marginal aquatic habitat, and 
due to the potentially complicating effects of shoreline grazing of emergent 
macrophytes at some sites, only those species which occupy fully submerged habitats 
and those with floating leaves were included in the analyses ( cf. Palmer et al. 1992). 

Littoral cladocera data consists of the mean number of individuals of each cladoceran 
taxon recovered from five or more replicate net sweeps from a variety of littoral 
habitats along the lake perimeter. 

Open water zooplankton data describe mean taxon density (numbers of individuals 
per 0.01 m2

) in three vertical net hauls taken from deep water locations. 

Littoral macroinvertebrate data represent the mean number of each taxon per one 
minute kick/sweep sample of the lake littoral. Five sweep samples were conducted 
along a 50 m stretch of shoreline, selected to maximise the possible range of habitat 
types. 

2.1.3 Biological data transformation 

Two data transformation methods were applied to selected biological datasets 
depending on the analysis to be undertaken (see Table 2.3). For ordination analyses of 
individual biological groups, abundance data for open water zooplankton, littoral 
cladocera and littoral macroinvertebrates were transformed by the log (-x-+ 1) to reduce 
the weight of highly abundant taxa. Prior to TWINSPAN and COINSPAN 
classification of individual biological groups, abundance cut levels were chosen for 
each biological group to apportion species abundance in five roughly equally 
represented abundance classes (e.g. pseudospecies). 

14 



Table 2.3 Data transformations for biological data 

Biological Group Transformation for TWINSPAN/COINSPAN 
Ordination cut levels 

Epilithic diatoms none 0,2,5, l 0,20 

Surface sediment diatoms none 0,2,5, I 0,20 
Aquatic macrophytes none 0, l,2,3,4 

Open water zooplankton Log(x+I) 0, I, 100, I 000, l 0000 

Littoral cladocera Log (x+ I) 0, 1,5, I 0,50 

Littoral macroinvertebrates Log (x+l) 0, 1,50, I 00, l 000 

Integrated biological dataset none 0, 1,2,3,4 

2.1.4 Integrated biology dataset 

An integrated biology dataset was constructed by amalgamating species data from the 
six biological groups. In order to standardize abundance data across the integrated 
dataset, abundance data from the individual biological groups were transformed into 
ordinal data using the cut levels shown in Table 2.3. This resulted in the abundance 
of all biological groups being expressed on a 1 - 5 ordinal scale. This scaling was 
taken as the basis for the cut levels applied to the TWINSPAN and COINSPAN 
analyses of the integrated biological dataset. 

2.2 Numerical Methods 

2.2.1 Ordination 

Principal Components Analysis (PCA) 

Variation in the physio-chemistry of the 31 trammg set lakes was analysed using 
principal components analysis (PCA), an indirect ordination technique which assumes 
linear response (ter Braak & Prentice 1988). Principal components can be equated 
with the correlation coefficients or eigenvectors of a variance-covariance or 
correlation matrix. PCA allows correlation structure or inter-correlations between 
environmental variables to be identified. Each ordination axis is described by an 
eigenvalue which indicates how much of the variation in the data can be explained by 
the axis. PCA can be graphically illustrated using a biplot of vectors representing 
environmental variables and points representing sites or samples. The vectors for each 
environmental variable point in the direction of maximum variation, the length being 
proportional to this variation. Therefore, the longest vectors represent the most 
important indicators of site differences. Vectors with acute angles are inferred to be 
positively correlated and obtuse angles signify negative correlations. 

PCA was implemented using CANOCO 3.1 (ter Braak 1990a, 1990b). The number or 
components to interpret from each PCA (i.e. significant axes) was evaluated using the 
broken stick model (see Jackson 1993). 
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Detrended Correspondence Analysis (DCA) 

Detrended correspondence analysis (DCA) (Hill & Gauch 1980) was used to identify the 
main patterns of floristic variation in the integrated biological data and to explore the 
species response in the individual biological groups. DCA is an indirect gradient 
technique which assumes a unimodal response of species to their environment (ter 
Braak & Prentice 1988), and provides a robust ordination technique for ecological data 
which usually have a large number of taxa and many zero values. DCA with was 
undertaken using CANOCO version 3.10 (ter Braak 1990a, 1990b), and the significance 
of the axes evaluated using the broken stick model (sec Jackson 1993). DCA analyses 
can be displayed as species and sample plots, in which the samples that lie close to the 
point of a species are likely to have a high abundance of that species and the probability 
of occurrence of a species declines with distance from its location on the plot. 

Canonical Correspondence Analysis (CCA) 

The relationships between biological data and environmental variables were explored 
directly using canonical correspondence analysis (CCA) (ter Braak 1986a, 1987). CCA 
is a multivariate direct gradient analysis technique, in which ordination axes are 
constrained to be linear combinations of environmental variables. CCA can therefore be 
used to identify the environmental variables which can directly account for variance in 
biological data. CCA is implemented using CANOCO version 3.10 (ter Braak 1990a. 
1990b). In CCA ordination dia&irnms, arrows represent environmental variables and 
point in the direction of maximum change. The length of the arrows represents the 
magnitude of change in that direction. Environmental variables with long arrows are 
more strongly correlated with the ordination axes, and are also more closely related to 
the pattern of floristic or fauna! variation, than variables with short arrows (ter Braak 
1990a). Weighted intra-set correlation coefficients indicate the relative contribution of 
environmental variables in detern1ining the axes derived from ordination of the species 
data. An additional feature of CANOCO is the ability to identify the minimal number of 
explanatory environmental variables which explain a statistically significant proportion 
of the variance in biological data. This is implemented through CANOCO's forward 
selection procedure, analogous to stepwise multiple regression (ter Braak 1990b), with 
Monte Carlo permutation tests to test the significance of the selected variables. 
CANOCO also allows the significance of each CCA axis to be evaluated using Monte
Carlo pernrntation tests. 

In this study CCA with forward selection (999 unrestricted permutations) was applied to 
the data for each biological group to identify subsets of environmental variables that 
independently explain significant (P ::; 0.05) amounts of variation in the datasets. This 
allowed environmental variables with significant influence on each set of biological data 
to be identified. Probability levels for significance were adjusted for Bonferroni 
inequality (Manly 1991) and rare species downweighted in all CCA ordinations. The 
significant environmental variables were then used as inputs to classifications using 
COINSPAN (see below). CCA ordination was also used to describe the biology
environment relationships in the integrated biology dataset, and to identify significant 
environmental variables accounting for variation within the integrated biology. 
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2.2.2 Classification 

Cluster Analysis of Physio-chemical Data 

Classification of the training set sites using physio-chemical data was implemented by 
cluster analysis of PCA axes. The physio-chemical data were analysed using PCA 
(see above), and site scores on significant PCA axes were subjected to minimum 
variance clustering using the programme CLUSTER written by Prof. H.J .. Birks. 
Divisions within the cluster analysis were only accepted if the mean dispersion of the 
parent group exceeded 25% of the total dispersion. This represents Mulligan's 'rule of 
thumb' in relation to minimum variance clustering. 

Biological Classifications using TWINSP AN 

Biological classifications for the lake sites were derived using the TWINSPAN 
procedure (Hill 1979). TWINSPAN is a widely employed divisive, polythetic 
classification technique which divides sites by their location on the first axis or a 
correspondence analysis ordination of the biological data. The procedure is repeated to 
produce smaller subsets of sites at each level of division and a hierarchical 
classification scheme. For each division TWINSPAN provides a list or indicator 
species which are preferential to one side of the division or the other. This is achieved 
by the use of pseudospecies (presence/absence variables for different relative 
abundance levels). TWINSPAN also provides an ordered two-way table of the site 
and species classifications. 

In this study TWINSPAN classifications were derived for each biological group 
separately ( e.g. epilithic diatoms, surface sediment diatoms, aquatic macrophytes, 
littoral Cladocera, open-water zooplankton, littoral macroinvertebrates) and for the 
integrated biology dataset. Divisions within each TWINSPAN were only accepted if 
the mean dispersion of the parent group exceeded 25% (see above). Mean dispersion 
for each TWINSPAN group was calculated using the programme TWINDEND, 
supplied by Professor H.J.B. Birks. 

Environment-Biology Classifications using COINSPAN 

Environment-biology classifications of the training set lakes were derived by two-way 
indicator species analysis using the program COINSPAN (Carleton et al. 1996). 
COIN SPAN is an extension of TWINS PAN (Hill 1979). In a COIN SPAN analysis the 
classification is constrained by a set of supplied environmental variables, and the 
resulting sample groups are derived from the biology-environment relationships rather 
than from floristic or fauna! variation alone. COIN SP AN analysis was performed on the 
data from each biological group and on the integrated biology dataset. Significant 
environmental variables were forward selected by CCA (see above) for input into each 
COINSPAN, and acceptance of COINSPAN groups was determined by the approach 
described above for TWIN SP AN. 
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2.2.3 Interpretation of Site Classification Schemes 

Indicator Species for Integrated Classification Schemes 

Although TWINSPAN and COINSPAN provide indicator species for site 
classifications, an improved method for defining indicator species for site groups has 
recently been devised by Dufrene and Legendre ( 1997). The advantage of this 
approach over the TWINSP AN method for defining indicator species is that the 
indicator index for a given species is independent of the other species relative 
abundances, and there is no need to use pseudospecies. The indicator value (IndVal) 
of a species is expressed as a percentage reflecting the extent to which two criteria are 
fulfilled; specificity and fidelity. Specificity represents the extent to which all 
individuals of a species are found in a single group, and species have high fidelity 
when they occur in all sites of that group. These are clearly key characteristics of 
indicator species for effective site classification (McGeoch and Chown 1998). An 
Ind Val of 100% occurs when all the individuals of a species are observed in all sites 
of only one group. 

Each IndVal measure is absolute and is calculated independently of other species in 
the assemblage. Therefore direct comparisons of indicator value can be made between 
taxa from different biological groups. The IndVal measure is robust to comparisons 
across taxa with different abundances, and to differences in the numbers of sites 
between site groups (McGeoch and Chown 1998). The IndVal programme also allows 
the significance of the indicator taxa to be evaluated using permutation tests (Dufrene 
and Legendre 1997). 

The IndVal approach was applied to the TWINSPAN classification scheme derived 
for the integrated biology dataset. IndVal measures were calculated for all species for 
each division within the classifications using the programme INDY AL (Dufrene and 
Legendre 1997). The measures provide a robust comparison of the indicator power of 
species for the integrated classification scheme derived for the training set lakes. and 
can potentially be used to develop an indicator key for the classification of new sites. 

Environmental Indicators for Integrated Classification Schemes 

The environmental variables which provide the best discrimination between site 
groups in the integrated TWINSPAN analysis were explored using canonical variates 
analysis (CV A). CV A finds the linear combination or variables that maximises the 
between-group variation relative to the within group variation. The relationship 
between the environmental variables and groups can be described graphically using a 
biplot. CVA was implemented using CCA in CANOCO 3.1 (tcr Braak 1990a. 1990b). 
using group membership as species data. 

Comparison of Classifications 

In order to objectively compare classifications generated from the training set data. 
the method described by M.O. Hill in Moss (1985) was used. This allows the 
calculation of a similarity or dissimilarity coefficient between each pair or 
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classifications. The coefficient is calculated by comparing contingency tables of both 
classifications together against tables of each of them separately (Moss 1985). 
Dissimilarity coefficients between classifications were calculated using the 
programme CLAS ST AT supplied by Professor H.J .B. Birks. 
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3 Analysis of Physio-chemical Variation in the Training Set Lakes 

3.1 Representativity of sites in CCW Lake Classification Training Set 

The 31 lakes included in the lake classification training set were selected subjectively 
by CCW. These sites were chosen on requirements for survey of a series of lakes 
representing the different lake conditions in Wales. Emphasis during site selection 
was also placed on the need to compile comprehensive ecological descriptions of 
lakes within SSSis for Wales. The subjective nature of the site selection has 
implications both for the development of classification schemes using the training and 
wider application of classification schemes to other Welsh lakes. Any classification 
scheme is limited by the representativity of the sites used to calibrate the scheme. The 
training set sites should ideally cover the range of conditions found across the total 
population of Welsh lakes. 

Two datasets arc available for assessment of the representativity of the training set 
lakes to Welsh lakes in general. The first is the CCW Welsh Lakes Inventory. This 
consists of a complete listing of standing water bodies in Wales derived from 
Ordinance Survey digital data. The inventory includes over 2000 standing water 
bodies, although this is likely to be an overestimate of the true number of standing 
waters in Wales as some sites are divided on mapped data. Validation of the inventory 
is ongoing. The inventory includes site name (or closest named feature), site location, 
lake altitude, area and perimeter. These data reveal that a very large proportion of 
Welsh standing waters are small ponds and pools. For example, 65.4% of sites in the 
dataset are less than 0.5 ha (500 ni) in area (see Table 3.2). However, small 
waterbodies such as these are not normally defined as lakes. Recent pond surveys for 
the Department of the Environment by Pond Action, for example, used a surface are 
of 2 ha to distinguish between ponds and pools(< 2 ha) and lakes(> 2ha). 

The second dataset available for comparative purposes is chemistry from the ECRC 
random Welsh lake dataset collected as part of the 1995 North West European Lake 
Survey (Henriksen et al. 1998). This consists of spot water chemical samples 
collected from 52 randomly selected lakes greater than 4 ha during October 1995. 
These lakes represent approximately 20% of lakes in Wales >4 ha. The dataset is 
useful for assessing the representativity of the CCW training set lakes to the chemical 
variability of Welsh lakes in general. 

Comparison of the training set lakes with the CCW Welsh Lakes Inventory indicates 
that the altitudinal gradient of Welsh lakes is well represented (see Table 3.1). The 
training set include lakes from close to sea level (e.g. Llyn Coron) to above 600 m 
( e.g. Llyn y Fan Fawr). There is some under-representation of lakes between 20 - 100 
m in altitude. Inspection of the inventory revealed that many of the standing water 
bodies between these altitudes are small ponds and pools less than 0.5 ha in size. In 
comparison with the inventory data, the training set also over-represents lakes 
between 400 - 600 m. 

The training set is clearly biased towards larger lakes when compared to the data from 
the full lakes inventory (Table 3.2). Only one site (Llyn y Wyth Eidion) in the training 
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set has an area less than 2 ha, whereas the vast majority of standing waters in the 
inventory fall into this class. Clearly, the training set does not represent smaller ponds 
and pools. When only sites with surface area greater than 2 ha are considered (e.g. 
lakes according to the Pond Action/DoE definition), although the training set covers 
the gradient of lake sizes apparent in the inventory there is still a clear relative bias 
towards larger lake areas (see Table 3.2). The training set therefore over-represents 
larger lakes relative to the total population of lakes in Wales. 

Table 3.1 

Altitude (111) 

0 - 20 
20 - I 00 
100 - 200 
200 - 400 
400 - 600 

> 600 

Table 3.2 

Lake area 
(ha) 

< O. l 

0. I - 0.5 
0.5 - 2 

2-5 
5 - I 0 
10 - 50 

50 -I 00 
100 

Proportion of sites in altitude classes within CCW Welsh Lake 
Inventory and CCW Lake Classification Training Set 

CCW Welsh Lake Inventory CCW Lake Classification Training Set 

15.5 16. l 
28.4 6.5 

19.8 29.0 
24.0 22.5 

I 1.0 22.6 

1.2 3.2 

Proportion of sites in lake area classes within CCW Welsh Lake 
Inventory and CCW Lake Classification Training Set 

CCW Welsh Lake CCW Welsh Lake Inventory CCW Lake Classification 
Inventory (All Lakes) (Lake >2 ha Only) Training Set 

17.2 - 0 

48.2 - 0 
19.9 - 3.2 
6.1 41.3 19.4 
4.1 27.8 25.8 

3.4 23.4 38.7 

0.4 2.4 6.4 

0.7 5.1 6.4 

The distributions of three key chemical determinands across the training set lakes 
have been compared to the distributions in the ECRC Welsh Lake Survey sites; pH to 
represent acidity status, conductivity as a measure of total ionic strength, and total 
phosphorus (TP) as a measure of nutrient status. The distribution of mean lake-water 
pH in the training set lakes effectively covers the range apparent in the ECRC survey 
lakes (sec Table 3.3). However, there is clear relative bias in the training set lakes to 
sites with high pH (> 7 .0), and relative under-representation of the most acid sites (pH 
< 5.5). Similar pattern are also apparent in the relative distributions of conductivity 
values (Table 3.4): sites with very high conductivity (> 300 ~tS cm-1

) are over-

21 



represented in the training set lakes. The ECRC survey lakes also show a much higher 
proportion of lakes with low TP levels 10 µeq r 1

) when compared to the training 
set lakes (Table 3.5). Comparison with the ECRC survey data therefore suggests that 
the training set lakes effectively represent the gradients of key chemical variables 
across Welsh lakes, although in terms of number of lakes selected under-represent the 
nutrient poor, acid lakes with low ionic strength which dominate the total population 
of W clsh lakes. 

Table 3.3 

pH 

< 5.0 

5.0 - 5.5 
5.5 - 6.0 
6.0 - 6.5 
6.5 - 7.0 

7.0 

Table 3.4 

Conductivity 
(µS cm-1

) 

< 50 
50 - I 00 
100 - 200 
200 - 300 

> 300 

Table 3.5 

TP (~tg r 1
) 

<10 
IO - 30 

30 - I 00 
I 00 - I 000 

> 1000 

Proportion of sites in pH classes within ECRC Welsh Lake Survey 
and CCW Lake Classification Training Set 

ECRC Welsh Lake Survey CCW Lake Classification Training Set 

13.5 9.6 
21. l 12.9 
9.6 9.6 
l 9.2 16.1 
17.3 19.4 
l 9.2 ,7 7 j __ ....., 

Proportion of sites in conductivity classes within ECRC Welsh 
Lake Survey and CCW Lake Classification Training Set 

ECRC Welsh Lake Survey CCW Lake Classification Training Set 

40.4 35.5 
36.5 25.8 
7.7 9.7 
7.7 3.2 
7.7 25.8 

Proportion of sites in total phosphorus (TP) classes within ECRC 
Welsh Lake Survey and CCW Lake Classification Training Set 

ECRC Welsh Lake Survey CCW Lake Classification Training Set 

65.4 ,7 , 
.)_ . .) 

21.2 32.3 
9.6 16.1 
3.8 17.9 
0 6.5 
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In summary, the training set effectively captures the gradients in altitude and key 
chemical characteristics (lake-water acidity, lake-water ionic strength and lake-water 
nutrient levels) apparent in the wider population of Welsh lakes. It is clear, however, 
that the training set is biased towards larger standing water bodies at the expense of 
the large number of smaller ponds and pools which occur across the Welsh landscape. 
This study is therefore concerned with lakes, rather than all standing water bodies. 
The assessment and classification of small water bodies (< 2 ha) has recently been 
considered in an extensive study by Pond Action. 

3.2 Classification of Training Set Lakes using Physio-chemical Data 

3.2.1 Ordination of Physio-chemical Data 

In order to explore between-lake variation in environmental conditions the physio
chemical data were analysed using PCA. The transformed 41 variable dataset 
described in section 2.1 was analysed on a correlation matrix with the centring and 
standardisation options in CANOCO 3.1. 

Table 3.6 Eigenvalues for PCA of physio-chemical dataset 

Axes 1 2 3 4 
Eigenvalues 0.426 0.109 0.071 0.068 
Cumulative 0/4, variance of species data 42.6 53.4 60.5 67.3 
Total variance= 1.00 

The PCA is dominated by axis 1 which explains over 42% of the variation in the 
physio-chemieal data (Table 3.6). Subsequent axes are less important, with PCA axis 
2 explaining 11 % of the variation. The broken stick model (see Jackson 1993) 
indicates that only axes 1 and 2 are significant, and latter axes are not considered here. 
The PCA correlation biplot for axes 1 and 2 is shown in Figures 3 .1 and 3 .2. 

Variables strongly correlated with PCA axis 1 include conductivity, the major ions 
(e.g. Ca2", Mg2

\ K\ Na\ er, SO}+), pH, alkalinity and total phosphorus (Figure 
3.1 ). The axis contrasts acidic, dilute, nutrient poor lake waters (low scores) with 
alkaline, phosphorus rich lake waters with high ionic strength (high scores). Sites with 
low axis l scores have boulder and/or cobble littoral substrates and occur at high 
altitudes. Sites with high axis 1 scores are associated with silty substrates, have a high 
proportion of emergent or floating macrophytes and occur at relatively low altitudes. 

PCA axis 2 is most strongly associated with lake water metal concentrations and lake 
depth, area and volume. Lakes with high scores on this axis are associated with high 
concentrations of iron, manganese, labile aluminium and copper and tend to be small, 
shallow lakes. Low axis 2 scores are associated with large deep lakes, and with low 
metal concentrations. 



Figure 3.1 PCA environmental variable plot for the physio-chemical data 
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Figure 3.2 PCA site plot for the physio-chemical data 
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Figure 3.2 shows the PCA sample plot. Lakes the bottom left of the plot (e.g. Llyn 
Cau, Llyn Cwellyn) represent relatively deep, slightly acid to acid lakes with low 
ionic strength and phosphorus concentrations. These lakes also have low levels of 
organic carbon and metals (Figure 3.2). Lakes towards the top left of the plot (e.g. 
Bugeilyn, West Llynnoed leuan) represent the most acidic lakes in the dataset, which 
also have very low ionic strength and high concentrations of labile aluminium, zinc 
and copper. Sites at the top right of the diagram (e.g. Llyn Glasfryn, Rhos-Ddu) 
represent shallow, phosphorus rich lakes with high ionic strength and high 
concentrations of iron and manganese. Lakes at the bottom right of the plot (e.g. 
Llangorse Lake, Hanmer Mere) have the highest pH and alkalinity values, high 
phosphorus and nitrate concentrations, and high ionic strength. The two sites closest 
to the centre of the plot are Llynnau Fanod and Eiddwen. 

3.2.2 Cluster analysis of physio-ehemical data 

A physio-chemical classification was constructed by m1111mum variance cluster 
analysis of the two significant PCA axes (see section 2.2). This revealed the three site 
groups listed in Table 3.7. 

Table 3.7 Physio-chemical classification site groups 

Group I Llyn ldwal, Llyn Gynon, Llyn Fach, Gloyw Llyn, Llyn Llagi, Llyn Myrnbyr, Llyn Eiddwen, 
Llyn Fanod, Llyn Cwellyn, Llyn y Fan Fawr, West leuan, Llyn Alwen, Llyn Hir, Llyn Cau, 

Llyn Tegid 
Group 2 Bugeilyn, Llyn Glanmerin, Maes-Llyn, Upper Talley, Lower Talley, Llyn Llech Owain, 

Llyn Glasfryn 
Group 3 Llyn Coron, Llanbwchllyn, Kenfig Pool, Llangorse Lake, Llyn Rhos-Ddu, Llyn Dinarn, 

Llvn Penrhyn. Llyn yr Wyth Eidion, Hanmer Mere 

Lakes in Group I have low scores on both PCA axis 1 and 2. This group therefore 
represents slightly acid to acid lakes with low ionic strength and low nutrient 
concentrations which occur at high altitudes. The group includes the deeper lakes in 
the dataset (e.g. Llyn Tegid, Llyn Cau, Llyn Cwellyn). 

Lakes in Group 2 have high axis l cores and intermediate axis 2 scores. These sites 
arc characterised by generally circumneutral lake waters with intermediate ionic 
strength and phosphorus concentrations. The lakes tend to be shallow and have high 
metal concentrations. 

Group 3 lakes have high axis 1 scores and represent alkaline lake waters with high 
ionic strength and high nutrient concentrations. The lakes are shallow and occur at 
low altitude. 

Comparison of the PCA and classification reveals several sites which fall outside the 
core of each cluster. Bugeilyn falls into Group 2, but has a lower pH, lower ionic 
strength and higher labile aluminium concentration than the other sites in the group. 
Llyn Rhos-Ddu is also notable, as it has the highest axis 2 score of the sites in Group 
3. Also of note is the classification of Llynnau Eiddwen and Fanod, which occur in the 
centre of the PCA plot, to Group 1. 
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3.2.3 Discussion 

The key feature of the physio-chemical data is the single, highly dominant gradient 
represented by PCA axis 1. This indicates a gradient within the training set sites of 
lO\v to high pH, alkalinity, conductivity, ionic strength and total phosphorus. The co
variance apparent between these determinands is important, as the training set is 
limited in the relative coverage of these variables. For example, the training set does 
not include sites with high ionic strength and low nutrient levels. Neve1iheless, the 
gradient reflects the typical characteristics of variation in British surface waters (e.g. 
Moss 1988), from dilute, acid waters with low nutrient concentrations in the uplands 
to alkaline, nutrient rich lowland systems with high ionic strength. The PCA also 
reveals the important relationships between this essentially chemical gradient and site 
habitat factors. Acid lakes with low ionic strength at high altitudes are associated 
with boulder or cobble littoral substrates and Isoetid and bryophyte habitats. These 
sites arc also likely to be more prone to wind stress, which will restrict the 
development of silty littoral habitats and the development of emergent vegetation 
types. Lakes with high pH, TP and ionic strength in the lowlands are associated with 
silty littoral substrates and emergent and floating macrophyte habitats. 

The PCA also reveals several patterns of physio-chemical variation in the training set 
lakes which are not associated with the dominant gradient. PCA axis 2 is associated 
with lake-water metal concentrations. For sites with low axis 1 scores it separates 
slightly acid to acid sites with low metal concentrations from the most acid sites 
which exhibit high labile aluminium, zinc and copper concentrations. Elevated 
concentrations of these metals are often associated with surface water acidification 
due to atmospheric deposition, although catchment factors such as acid mine drainage 
can also be important. For sites with high axis 1 scores, lakes with high scores on 
PCA axis 2 are associated with high concentrations of iron and manganese. These 
lakes ( e.g. Llyn Glasfryn) are relatively shallow and pmiicularly vulnerable to 
dcoxygcnation, and in these cases the elevated iron and manganese levels are probably 
related to the lake-water oxygen regime. 

The classification procedure identified only three broad site groups, which are 
interpreted in general terms above. This classification therefore results in relatively 
low resolution pmiitioning between the lakes. The PCA site plot (Figure 3.2) 
indicates the continuous nature of variation in physio-chemistry between the training 
set lakes. There are no discreet clusters in the plot. This emphasises the fact that 
although the site groups are based on this variation, the divisions between these 
groups are essentially arbitrary. 

27 



4 Classification using individual biological groups 

Classification schemes based on individual biological groups were derived from the 
training set data using TWINSPAN (biological classifications) and COINSPAN 
( environment-biology classifications). This resulted in twelve classification schemes, 
two for each of the following biological groups; epilithic diatoms, surface sediment 
diatoms, aquatic macrophytes, littoral cladocera, open-water zooplankton and aquatic 
macroinvertebrates. These schemes are described in detail in appendices B - G. A 
summary table of the endgroups for the classifications is shown in Table 4.1. 

Some general observations can be made regarding the classification schemes based on 
individual biological groups. 

All the classifications contain endgroup structures which can be related to the primary 
environmental gradient (e.g. low to high pH/alkalinity/conductivity/phosphorus). This 
indicates the strong relationship between this gradient and species variation within 
each of the biological groups. The biological importance of the gradient can be fmiher 
illustrated by ordination. Table 4.2 presents the results of DCA of each of the 
biological groups. In these analyses detrending is by third order polynomials and rare 
species have been downweighted (ter Braak 1987, 1990b). For all the biological 
groups the first DCA axes are dominant. The second DCA axes always represent a 
much smaller amount of the variation in the datasets, and the ratios between the 
eigenvalues for the first and second axes (,\ 1 :t'-2) are always greater than I .4. This 
indicates that the floristic or fauna! structure in each of the individual biological 
groups is dominated by a single gradient, with other patterns of variation being 
relatively unimportant. This interpretation is confirmed by significance tests of the 
DCA axes using the broken stick model (see Jackson I 993); only the open-water 
zooplankton data have a significant second DCA axis (Table 4.2). 

Correlations between the first axes of the DCAs and environmental variables confirms 
that the dominant gradients of floristic and fauna! variation are all strongly associated 
with variables representing the primary environmental gradient (e.g. alkalinity, pH, 
conductivity, total phosphorus, calcium) (Table 4.3 ). These analyses confirm that 
biological variation within all of the species groups studied is primarily associated 
with this environmental gradient. 

This is a crucial finding, and implies that the main patterns of biological variation 
within the training set can be represented by the primary environmental gradient. 

Another important finding is that the classifications using TWINSPAN are generally 
easier to interpret in terms of coherence of species assemblages than the environment
biology classifications using COINSPAN (see for example appendix D). This is 
unsurprising, as the TWINSPAN groupings are derived from analysis of the species 
data alone, whereas the COINSPAN classifications are constrained by species
environment relationships. However, several of the CO1NSPAN classifications are 
also difficult to interpret in environmental terms (e.g. appendix D.2). This latter effect 
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may be due to the dominant influence the primary environmental gradient within all 
the biological datasets. 

The classifications also reveal several persistent associations of sites (i.e. sites that 
tend to occur in the same groups) (Table 4.1 ). These persistent associations 
particularly relate to sites with higher values on the alkalinity/conductivity/TP 
gradient. For example, Maes-Llyn, Upper and Lower Talley Lakes and Llyn Glasfryn 
arc usually found in the same classification endgroups. There is also some persistence 
of association at sites at the very high end of this gradient. 

The cpilithic diatom classifications (appendix B) show a very strong association with 
pH. particularly in the lower half of the pH gradient. These classifications very 
effectively discriminate the most acid sites which have elevated labile aluminium 
concentrations. However, the epilithic diatom classification is less coherent at the 
higher end of the primary environmental gradient. This is at least partly a result of the 
lack of epilithic diatom data for two sites; Hanmer Mere and Llyn Rhos Ddu. At these 
sites epiphyton data was substituted, and together the sites form an endgroup which 
reflects this habitat distinction rather than direct comparability with the rest of the 
cpilithic diatom classification. The surface sediment diatom data also provide 
coherent classifications which are particularly easy to interpret in terms of chemical 
conditions (e.g. pH and TP) (appendix C). This reflects the strong relationships 
between this important groups of primary producers and lake-water chemistry, 
relationships that have been clearly established in the literature (e.g. Stevenson et al. 
1991, Bennion 1994 ). In contrast to the classifications using other biological groups, 
the surface sediment diatom classifications recognise deep, low alkalinity sites which 
have a well developed planktonic flora (e.g. Llyn Cau and Llyn y Fan Fawr). These 
classifications also place Llyn Tegid in a single endgroup, emphasising the distinctive 
nature or the diatom flora of this site in comparison to other training set lakes. 

The aquatic macrophyte COIN SP AN classification is difficult to interpret, but the 
TWINSPAN provides a relatively coherent site classification in relation to the 
primary environmental gradient (see appendix D). However, this latter classification 
provides relatively little discrimination amongst the lower alkalinity sites. This is also 
a feature of the classifications using cladocera (appendix E) and open-water 
zooplankton (appendix F). ln the case of the open-water zooplankton classifications 
the lower alkalinity sites are grouped together within a single endgroup (n = 18). In 
the case of the littoral cladocera, there are several endgroups within the low alkalinity 
sites but the structure of these endgroups does not reflect the primary environmental 
gradient and is difficult to interpret, although it may be related to habitat factors or 
predation pressures. Detailed interpretation of the macroinvertebrate classifications 
are difficult, particularly in relation to the influential environmental factors. However, 
in broad terms the endgroup structure of the classifications again reflects the primary 
environmental gradient. 
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Table 4.2 

Biological group 

l:pil1th1e diatoms 

Surface sediment 
diatoms 

Aquatic 
macrophytcs 

Littoral cladoccra 

< )pen-water 
1oupla11kto11 

Littoral 
111acrn1 n vertebrate 

s 

Dctrcndcd correspondence analyses (DCA) of data from the 
individual biological groups 

Data Axis I eigenvalue % variance Axis 2 eigenvalue 
transformation (}q) explained by (A2) A1:A2 

axis l 

None 0.810 14.0 0.463 (ns) 1.75 
(proportions) 

None 0 818 13.J 0.556 (ns) l.4 7 
(proportions) 

None (DAFOR 
scale) 0.733 19.8 0.339 (ns) 2.16 

Log (x+I) 0.615 13.7 0.377 (ns) 1.63 

Log tx+I) 0.584 16.9 0.397 1.47 

l.ng (x+I) 0.411 15.8 0.213 (ns) l.92 

ns axis not significant according to the broken stick model (see Jackson 1993) 

Table 4.3 

Biological group 

l·.pil1th1c diatoms 

Surface sediment 
diatoms 

Aquatic 
macrophytcs 

l.1ttoral clauuccra 

( )pen-water 
1ooplankto11 

Littoral 
macn1invcrlcbratc 

s 

Correlation coefficients between first DCA axis (A1) and selected 
environmental variables for the DCA analyses of individual 
biological groups. All coefficients arc significant at p < 0.001. 

Alkalinity pll Conductivity Total Calcium 
Phosphorus (TP) 

0 90 0 93 0.79 0 71 0.85 

0.93 0 91 0.88 0.77 0.92 

0.91 0.88 0.96 0.85 0.96 

0 87 0.83 0.88 0.74 0.88 

-0.82 -080 -0.86 -0.77 -0.85 

-0 88 -0 86 -0.88 -0.77 -0.88 
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5 Classification using the integrated biology dataset 

5.1 Ordination of the integrated dataset 

Patterns of biological variation in the integrated dataset were explored using 
ordination. Firstly, indirect ordination was performed using detrended correspondence 
analysis (DCA). In the analysis detrending was by third order polynomials (ter Braak 
1990b ). species abundance data were represented by an ordinal 0-5 scale as described 
in section 2.1, and rare species were downweighted (ter Braak 1990a). The broken 
stick model (see Jackson 1993) was used to evaluate the significance of the ordination 
axes. 

Table 5.1 DCA results for the integrated dataset 

Axis I Axis 2 Axis 3 Axis 4 
Eigenvalue 0.566 0.15 l 0.129 0.105 
Cumulative variance 19.5% 24.6% 29.1% 32.7% 

Sum of eigenvalues= 2.91 

The DCA shows a single dominant axis of variation (}.1 = 0.566) which explains 
I 9.5% of the variation in the biological data (Table 5.1 ). This is the only significant 
axis, and is strongly correlated with conductivity (r 0.93), calcium (r = 0.93), pH (r 

0.92), alkalinity (r =- 0.92), altitude (r = -0.85), TP (r = 0.84), littoral boulder 
substrate (r = -0.87) and littoral silt substrate (r 0.62). The axis broadly divides the 
sites into two groups (Figure 5.1 ). Those with negative scores are associated with low 
surface water pH, conductivity and phosphate, and relatively high altitudes. Sites with 
positive scores represent lowland sites with high pH, conductivity and phosphorus. 
The DCA indicates that there is a clear biological division between these two broad 
site groups. 

An outlier to this general relationship is provided Llyn Tegid (site CW023). This site 
has an anomolously high axis 2 score. This axis is correlated with lake area (r = 0.56), 
and indeed Llyn Tcgid has the largest lake area in the training set. The axis must be 
interpreted with some caution as it is not significant according to the broken stick 
model, but these data indicate that Llyn Tcgid is biologically distinct from the rest of 
the sites. This is confirmed by two factors. First, Llyn Tegid contains species absent or 
poorly represented in the rest or the training set lakes, including the invertebrates 
E'phemera dcmica, Oecefis sp. and Goera pilosa, the diatoms Aulacoseira subarctica 
and Asterionella .fcmnosa, and the macrophyte Sparganium emersum. These species 
arc not rare on a UK basis, but arc poorly represented in the training sci. Secondly, 
Llyn Tcgid contains species which otherwise occur only in the group of sites with 
positive axis 1 scores (e.g. Fragilaria capucina, Daphnia galeala) or in the group of 
sites with negative axis l scores (e.g. Callitriche hamulata, Eubosmina longispina, 
lsoetes lacustris). The site therefore shares biological characteristics with both these 
broad site groups. 
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Canonical correspondence analysis (CCA) was used to explore the relationships 
between the integrated biological data and environmental variables. Forward selection 
with Monte Carlo permutation testing (999 permutations) was used to select a subset 
of variables which independently explained significant proportions of the biological 
variation (Table 5.2). Forward selection identified a set of five environmental 
variables which together.explain over 34% of the biological variation in the integrated 
dataset; pH, conductivity, Fe, lake area and chlorophyll a. Two of these variables (pH 
and conductivity) are representative of the primary environmental gradient in the 
dataset. Their selection therefore precludes the selection of other strongly collinear 
variables such as calcium, alkalinity and TP/SRP. 

Table 5.2 Variance explained by environmental variables in the forward 
selection process 

Variable Variance added with Significance Bonferroni required 
selection significance 

pH 0.50 0.001 0.050 
Conductivity 0.15 0.001 0.025 

Fe 0.12 0.003 0.017 
Lake area 0.12 0.009 0.013 

Chlorophvll a 0.1 l 0.008 0.010 
Total variance explained 1.00 
Total variance 2.92 
'½, Variance explained 34.2% 

Table 5.3 CCA results for the integrated dataset, where r is the correlation 
between environmental variables and the ordination axes 

Axis l Axis 2 Axis3 Axis 4 
Eigenvalue 0.546 0.128 0.123 0.101 
Cumulative variance explained 18.7 23.1 27.2 30.7 
Correlation coefficients 
pit r = 0.92 r 0.06 ,. 0.16 r = -0.28 
Conductivity r 0.94 r = -0.21 r=-0.17 r -0.04 
Chlorophyll a r = 0.60 r 0.44 r = -0.22 ,. 0.49 
Fe r 0.26 r 0.20 r -0.65 r 0.36 
Lake area ,. 0.05 ,. -0.24 ,. 0.78 r 0.50 

CCA was performed on the integrated dataset using the five forward selected 
environmental variables (see Table 5.3). Again, the analysis shows one dominant axis 
of variation (J\ 1 0.544) explaining 18.7% of variation in the dataset. This axis is 
strongly correlated with pH and conductivity, and is significant when tested by Monte 
Carlo permutation testing (p s; 0.01, 99 permutations). Axis 2 is much less important 
than axis I, explaining 4.9% of the variance in species data, but is still statistically 
significant (p = 0.02) and correlated with chlorophyll a. The third axis is positively 
correlated with lake area and negatively correlated with Fe. However, this axis 
explains only 4.2% of the variation in species data and is not statistically significant at 
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the 95% level (p = 0.10). Although the relationships it reveals may be associated with 
oxygen regime (though depth and Fe), no detailed interpretation is offered. 

The CCA sample-environment biplot is shown in Figure 5.2. The division between 
the two general site groups revealed by the DCA is again apparent, with low 
pH/conductivity sites located to the left and high pH/conductivity sites located to the 
bottom right. Llyn Tegid (CW023) plots in the middle of the diagram. 

The important relationship between the integrated biological data and the primary 
environmental gradient is emphasised by two factors: first, the very strong conelations 
between the first DCA and CCA axes and pH, conductivity and other variables 
associated with the gradient; second, the dominant nature of the first axes within both 
the ordinations. The ratio between the first and second ordination axes (A1 :A2) is 3. 7 
in the DCA and 3.8 in the CCA. This again demonstrates the dominant role of the 
primary environmental gradient in determining floristic and fauna! assemblages within 
the training set sites. 
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Figure 5.3 TWINSPAN dcndrogram for the integrated biology dataset 
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5.2 Integrated classification using TWINSP AN 

5.2. l Description of divisions 

The dendrogram resulting from the TWINSP AN analysis of the integrated biology 
dataset is shown in Figure 5.3. The analysis results in seven endgroups at four levels 
of division, with six significant divisions. 

The first TWINSPAN division separates groups 1, 2, 3 and 4 from groups 5, 6, and 7. 
The former groups are characterised by the aquatic macrophyte ]:metes lacustris and 
the surface sediment diatom species Tabellaria jlocculosa, Brachysira vitrea and 
(vmbella gracilis. Sites of the latter groups are usually represented by the leeches 
Theromy::on tessalatum and Glossiphonia complanafa, the surface sediment diatom 
Fragilaria pinnata and the epilithic/epiphytic diatom Cocconeis placentula. 

Division two isolates the endgroup 4 (n = 4) from groups 1, 2 and 3. This division is 
associated with the absence of the diatoms Achnanthes altaica, Frustulia rhomboides 
and Eunotia rhomhoidea and the aquatic macrophyte Juncus bulbosus var. jluitans 
from group 4 sites. These taxa are common to most sites in groups 1, 2 and 3. 

Division three identifies the cndgroup 5 (n = 5) which shares many biological 
characteristics with groups 1- 4, from groups 6 and 7. Group 5 sites all have abundant 
populations of the zooplankton species Eudiaptomus gracilis and the epilithic diatom 
Achnanthes minutissima (present in lower abundances in groups 6 and 7), while the 
epilithic/epiphytic diatom species Cocconeis placentula and the surface sediment 
species Stephwwdiscus hantzschii arc more common in groups 6 and 7. 

Division four removes the endgroup 3 (n 4) from groups 1 and 2 mainly on the basis 
of the balance of diatom species representation. Achnanthes minutissima (in both 
surface sediment and epilithon) is more abundant in group 3 sites, while Eunotia 
incisa occurs in greater abundance in sites in groups l and 2. The aquatic macrophyte 
l'vfyriophyllum alterniflorum is a constant representative of group 3, but occurs in less 
than half or the sites in groups 1 and 2. 

Division seven separates group 6 (n = 5) and group 7 (n = 2). The littoral cladoceran 
Acroperus harpae, is abundant in the two group 7 sites while rare or absent from sites 
in group 6, while the planktonic surface sediment diatom species Stephanodiscus 
parrns and ()clostephanus [ cf. tholfformis] are restricted to group 6, the latter species 
being unique to this group. The aquatic macrophyte Nuphar lutea occurs in four of 
five group 6 sites but is absent from group 7. 

Groups I (n 2) and 2 (n = 8) are formed at the eighth division. The aquatic 
macrophytes Jsoetes lacustris and Lobelia dortmanna arc absent from group 1 while 
common in group 2 sites. The two sites in group 1 have high abundances of the littoral 
cladoccran and open-water zooplankton species Diaphanosoma brachyurum, the 
macroinvcrtcbrate genus Leptophlebia sp. and relatively high proportions of the 
diatom Eunotia incisa in the surface sediment. 
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5.2.2 Description of cndgroups 

Group 1 
Sites: Llyn Bugeilyn, Llyn Lleeh Owain 

Dominants: 
l:1111otia incisa (cpilithon and surface sediment), Diaphanosoma hrachyunmz (open
watcr zooplankton and littoral cladocera), Leptophlehia sp. (macroinvertebrate) 

Other characteristic taxa: 
Epilithic diatoms - Eunotia rhomboidea, Achnanthes altaica, Frustulia rhomboides 
var. saxonica, Tahellariaflocculosa 
Surface sediment diatoms - Cymhella purpusilla, Frustulia rhomboides, Tabellaria 
flocculosa 
Macroinvertebrates: Sia/is lutaria 

Environmental characteristics: upland(> 200 m altitude), pH 5.0-5.2, alkalinity <10 
~tcq r 1

• conductivity 30-80 µS cm- 1
, TP 5-20 µg r 1

, nitrate 60-100 ~Lg r 1
, Ca 50-200 

~Lcq r', chlorophyll a >3 µgr', Mn 35-40 ~Lg r1
, Fe 200-700 µg r1

, soluble labile 
aluminium 20-25 µg r 1

, DOC 5-9 mg r 1 

Group 2 
Sites: Llyn Gynon, Llyn Hir, Llynnoed Ieuan, Llyn Alwen, Llynnau Mymbyr, Gloyw 
Llyn, Llyn Llagi, Llyn Cau 

Dominants: Diaphanosoma brachyurum and Eudiaptomus gracilis (zooplankton), 
Isoetes !acustris (aquatic macrophyte) 
Other characteristic taxa: 
Epilithic diatoms - Eunotia rhomboidea, Eunotia incisa, Eunotia exigua, Eunotia 
incisa, Frustulia rhomboides var. saxonica, Frustulia rhomboides var. viridula, 
Tabel!aria.flocculosa, Brachysira vitrea, Fragilaria virescens var. exigua, 
Surface sediment diatoms - Brachysira vitrea, Fragilaria virescens var. exigua, 
Tahellaria .flocculosa, Achnanthes minulissima (except Llynnoedd Ieuan), Frustulia 
rhomhoides var. viridula, Cymbella gracilis 
Aquatic macrophytes - Littorella uni.flora, Lobelia dortmanna (except Llyn Cau) 
Littoral cladocera - Alonopsis elongala 

Environmental characteristics: upland (> 150 m altitude). rocky littoral, pH < 5.5, 
alkalinity <30 µeq r1

, conductivity < 50 ~LS cm- 1
, TP <20 µg r', nitrate <200 ~Lg r1

, 

Ca <90 ~teq r1
, chlorophyll a <3 µg r1

, TOC <4 mg r1 

Group 3 
Sites: Llyn ldwal, Llyn Cwellyn, Llyn Glanrnerin, Llyn Fach 
Dominants: Isoetes !acustris (aquatic rnacrophyte) (except for Llyn Fach where I. 
echino.)pora is a dominant), Achnanthes minufissima (surface sediment and epilithic 
diatom) 
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Other characteristic taxa: 
Epilithic diatoms - Brachysira vitrea. Tahellaria flocculosa, Navicula perminula, 
Peronia fibula, Achnanthes altaica, Eunotia incisa, Frustulia rhomboides var. 
saxonica, Nitzschia perminuta 
Surface sediment diatoms - Brachysira vifrea, Fragilaria virescens var. exigua, 
Achnanthes austriaca var. helvetica, Achnanthes marginulata, Achnanthes 
suhatomoides, Eunotia exigua, Navicula mediocris, Peronia fibula, Tabellaria 
flocculosa, Cymbella gracilis, Nifzschia perrninuta, Synedra acus 
Aquatic macrophytes - Sphagnum auriculatum, Juncus bulbosus var. fluitans, 
l1{vriophyllum altern[florum, Potamogeton natans 
Littoral cladocera - Chydorus piger, Chydorus :,phaericus, Alona qffinis 

Environmental characteristics: upland (> 150 m altitude), pH 6.3-6.8, alkalinity 30-100 
~teq r1

, conductivity 20-70 ~LS cm· 1
, TP 5-15 ~Lg r1

, nitrate 110-170 µg rt, Ca 80-200 
µeq r 1

, chlorophyll a l-3 µg r 1
, soluble labile aluminium <l O ~Lg r 1

, DOC <3 mg r 1 

Group 4 
Sites: Llyn Eiddwen, Llyn Fanod, Llyn y Fan Fawr, Llyn Tegid 

Dominants: Achncmthes minutissima ( epilithic and surface sediment diatom), 
Eudiaptomus gracilis (zooplankton) 

Other characteristic taxa: 
Epilithic diatoms - Tabellariaflocculosa, Fragilaria intermedia, Cymbella gracilis 
Surface sediment diatoms - Tabellaria flocculosa, Fragilaria intermedia, Navicula 
seminulum, 
Aquatic macrophytes - Jsoetes lacustris, Littorella un[flora, Fontinalis antipyretica 
Macroinvertebrates - Polycentropusflavomaculatus, Oulimnius sp. 
Zooplankton - Eudiaptomus gracilis 
Environmental characteristics: upland (> 150 m altitude), pH 6.3-6.7, alkalinity 70-
110 ~teq r 1

, conductivity 30-60 µS cm- 1
, TP 10-20 ~Lg r 1

, Ca 160-200 µeq r 1
, 

chlorophyll a 3-10 ~tg r 1
, soluble labile aluminium <5 µg r 1 

Group 5 
Sites: Macs-Llyn, Upper Talley Lake, Lower Talley Lake, Llyn Glasfryn, Llyn yr 
Wyth Eidion 

Dominants: Achncmthes minutissima (cpilithic diatom), Eudiaptomus gracilis 
(zooplankton) 

Other characteristic taxa: 
Surface sediment diatoms - Achnanthes minutissima, Fragilaria intermedia, 
Fragilaria pinnata, Navicula seminulum, Gomphonema parvulwn 
Epilithic/epiphytic diatoms - Navicula cryptocephala, Nitzschia pa/ea, Cocconeis 
placentu!a 
Aquatic macrophytes - Nuphar lutea 
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Macroinvertebrates - Pisidium sp., Erpobdella octocu!ata, Helobdella stagnalis, 
Theromyzon tessalatum, Glossiphonia complcmafa, Tricladida, 
Zooplankton - Asp!a11c/111a sp., ( 'haohorus sp. 
Littoral cladocera - Ewycercus lamellatus, Chydorus sphaericus 

Environmental characteristics: < 200 m altitude, silty littoral, pH 6.7-8.0, alkalinity 
>300 µeq r1

, conductivity >90 ~LS cm' 1
, TP 15-150 µg rt, Ca >400 µeq r1

, 

chlorophyll a >4 µg rt, soluble Fe >80 µg r', soluble labile aluminium <5 µg r1
, 

DOC >3 mg rt 

Group 6 
Sites: Llyn Coron, Llyn Dinam, Llyn Penrhyn, Llangorse Lake, Hanmer Mere 

Dominants: Stephanodiscus parvus (surfr1ce sediment diatom), Asellus aquaficus 
(rnacroinvertebrate) (absent from Llyn Coron) 

Other characteristic taxa: 
Surface sediment diatoms - Cyclostephanos [cf. thol(lormis], Cocconeis placentula, 
F'ragilaria pinna/a, Fragilaria brevistriala, Stephanodiscus hanfzschii 
Stephcmodiscus parvus, Amphora pediculus 
Epilithic/epiphytic diatoms - Achnanthes minulissima, Navicula cryptotenella, 
Cocconeis placentula 
Aquatic macrophytes: Nymphaea alba 
Macroinvertebrates: Pisidium sp., Lymnaea peregra, Theromyzon tessalatum, 
Glossiphonia complanata, Glossiphonia heteroclita, Tricladida, 
Zooplankton: Eudiaptomus gracilis, 
Littoral cladocera: Ew:vcercus lamellatus, Chydorus sphaericus, Daphnia hyalina, 
Alona ajf1nis 

Environmental characteristics: <200 111 altitude, silty littoral, pH >7.5, alkalinity 1500-
2500 µeq r1

, conductivity 300-500 µS cm' 1
, TP > 100 µg r1

, Ca 1500-2700 µeq r', 
chlorophyll a 3-15 ~tg r', soluble labile aluminium <5 µg r1

, DOC >5 mg r' 

Group 7 
Sites: Kenfig Pool, Llyn Rhos Ddu 
Dominants: Acroperus harpae and Eurycercus lamellatus (littoral cladocera) 
Other characteristic taxa: 
Epilithic/epiphytic diatoms - Cocconeis placentula, Nitzschia palea, Nitzschia 
paleacea, Achnanthes minutissima, Gomphonema gracile, Gomphonema constrictum, 
Gomphonema parvulum, Gomphonema minutum, Navicula c,yptotenella, npithemia 
adnata. Amphora pediculus, Cocconeis .thumensis 
Surface sediment diatoms - Cocconeis placentula, Fragilaria pinna/a, Fragilaria 
intermedia, Aclmanthes minutissima, Nitzschia palea, Nitzschia paleacea, Nitzschia 
rec/a, Nitzschia dissipata, Navicu!a pupula, Navicula menisculus, Navicula triviali.~·, 
Stephanodiscus parvus, Navicula bacillum, Amphora pediculus, Cocconeis thumensis 

Aquatic macrophytes: Ceratophyllwn demerswn, Ranunculus circinatus 
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Macroinvertebrates - Caenis luctuosa, Pisidium sp., Helobdella stagnalis, Tricladida, 
Lymnaea peregra, Sigara dorsalis, 
Zooplankton - Eudiaptomus gracilis, 1\1acrocyclops albidus, Daphnia galeata, 
Bosmina longirostris, Acroperus hw7me, Eucyclops macruroides 
Littoral cladocera - Alona ajfinis, Alona costata, Chydorus ,\]Jhaericus, Simocephalus 
vetulus 

Environmental characteristics: sea level ( coastal), silty littoral. pH 7. 9 - 8.3, alkalinity 
2000-2500 µeq r1

, conductivity 340-400 µS cm-1
, TP 30-45 µg r1, nitrate 30-90 µg r 

1
• Ca 2200-2500 µeq r 1

, chlorophyll a l 0-15 µg r 1
, DOC 6-9 mg r 1 

5.2.3 Summary of endgroup environmental characteristics 

The endgroups structure of the integrated TWINSPAN classification clearly reflects 
the primm)' environmental gradient (see section 3.2). Sites in groups 1 and 2 are ve1)' 
acid with low alkalinity. Of these, the two group 1 sites have relatively elevated levels 
of dissolved organic carbon, to an extent that the photic zone of these sites is 
restricted. Group 1 sites also have elevated levels of phosphorus relative to other acid 
sites in the training set ( e.g. group 2). Groups 3 and 4 represent low alkalinity sites 
with pH values of 6.3-6. 7. The two groups share many chemical characteristics, but 
group 4 sites are generally slightly more alkaline than those in group 3. Another 
distinction is the generally higher levels of chlorophyll a in the former group. Group 5 
contains five sites, four of which are of circumneutral pH and moderate alkalinity, but 
also includes the extremely alkaline Llyn y Wyth Eidion. The fact that the latter site is 
biologically similar to this otherwise intermediate alkalinity group is surprising and 
merits further attention. Sites in groups 6 and 7 occupy the high end of the pH, 
alkalinity, and conductivity gradient, but are differentiated by the higher(> 100 ug r1

) 

concentrations in group 6 sites. 

In summm)', the TWINS PAN endgroup structure reflects a gradation of sites from low 
to high pH, alkalinity and conductivity. At the lowest end of this gradient, group 1 
sites are distinguished by relatively elevated levels of phosphorus. At the highest end 
of the gradient, group 7 sites are distinguished by their relatively low phosphorus 
levels in comparison with other high alkalinity/conductivity sites. 

5.3 Comparison of integrated TWINSPAN and COINSPAN classifications 

The integrated TWIN SP AN represents a classification of the biological data based on 
the total floristic and fauna! variation in the dataset. The integrated COINSPAN, 
however, provides a biology-environment classification, reflecting the floristic and 
fauna! variation which can be explained by the environmental variables used in the 
study. The two analyses therefore represent different approaches to classification of 
the integrated biology dataset. 

The two classifications share several common features. The endgroup structure of 
both the classifications reflects the primm)' environmental gradient. There is a 
common first division in both analyses, dividing the sites into two groups of 18 and 
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12 sites respectively (see Figures and 111 ). This division reflects the pattern of 
between site floristic variation revealed in the DCA analysis (Figure 5.1) and the 
acidity and nutrient status of the two site groups formed. 

However, there are some important differences between the two classifications. The 
most significant differences occur in the site groupings of the more acid sites ( e.g. 
negative side of the first TWINSPAN and COINSPAN divisions) (see Figures 5.3 and 
I 1.1 ). The endgroup structures of these parts of the two classifications reflect the 
acidity gradient, but the divisions occur at different points along the gradient. This 
emphasises the difficulty of obtaining stable classifications when variation occurs 
continuously along a gradient. The COINSP AN classification also does not 
distinguish the acid sites with elevated phosphorus levels ( e.g. TWINSPAN group 1 ), 
probably due to the over-riding importance of acidity in the biology-environment 
relationships of the low alkalinity sites. At the higher alkalinity end of the gradient, 
Kenfig Pool and Llyn Rhos Ddu are not represented as a separate site group by the 
COINSPAN analysis, but are classified along with the other sites that form 
TWIN SP AN group 6. The COINS PAN analysis also highlights Llyn Tegid as an 
outlier to the main biology-environment gradient by placing the site in a separate 
group (COINSPAN group 6). This reflects the DCA analysis (Figure 5.1 and section 
5.1) in which Llyn Tegid was identified as biologically distinct from the rest of the 
training set sites. 

In summary, although the two classifications are similar, there are important 
difkrences in the details of the endgroup structures. These highlights the importance 
of choice of classification technique and numerical procedure in determining 
end group structure. Although the TWIN SP AN classification is coherent and 
interpretable, it is represents only one of many possible integrated site classifications 
of the training set lakes. 

5.4 Indicator species for the integrated TWINSPAN classification 

A potentially powerful method for the classification of sites is the use of indicator 
species, or bioindicators (see Palmer et al. 1992). If indicator species can be defined 
for the different endgroups in a classification scheme, new sites can be classified with 
reference to the indicators present at each site. In a case where a classification is 
hierarchical ( e.g. a TWIN SP AN classification) indicators could be usefully defined for 
each division of the hierarchy, providing a classification key. 

· The TWIN SP AN programme does provide indicator species for each division within 
the TWINSPAN hierarchy, and these can be used to define hierarchical keys for the 
classi Ii cation of new sites ( e.g. Rutt et al. 1990, Palmer et al. 1992). More recently 
Dufrene & Legendre ( 1997) have proposed an improved method for the identification 
of indicator species for a priori classification schemes. The method allows indicator 
species to be defined for either the divisions within a hierarchical classification, or for 
the endgroups. In this method indicator species are defined as the most characteristic 
species of each group, found mostly in a single group of the typology and present in 
the majority of the sites belonging to that group (Dufrene & Legendre 1997; see 
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section 2.2.2). The indicator value (lndVal) 
percentage. 

a species 1s represented as a 

Using this method indicator values have been calculated for all taxa in the six 
biological groups (epilithic diatoms, surface sediment diatoms, aquatic macrophytes, 
littoral cladocera, open water zooplankton, littoral macroinvertebrates) for both the 
divisions within the integrated TWINSPAN hierarchy and for the endgroups of the 
integrated TWINSPAN classification scheme (see Tables 5.4 - 5.16). 

5.4.1 Indicator species for divisions within the integrated TWINSPAN 
classification 

The TWINSPAN classification forms a hierarchical structure with six divisions (see 
Figure 5.3). At each division, indicator values have been calculated for species 
associated with the negative and positive sides of the division. Significant indicators, 
as evaluated using permutations tests (see section 2.2.2), are shown in Tables 5.4 -
5.9. These indicator species can potentially be used to define a hierarchical key for the 
classification of new sites into this classification scheme using presence/absence data 
( cf. Palmer et al. 1992). 

The results show that there are significant indicator taxa for the TWIN SP AN divisions 
within all the biological groups. The diatoms (both epilithic and surface sediment) 
contain the largest number of significant indicator taxa and include indicators for all 
the TWIN SP AN divisions (Tables 5 .4 and 5 .5). The indicator values (IndVals) of 
diatom taxa also tend to be higher than for the indicator taxa from other biological 
groups. This is probably a result of the large number of diatom taxa in the training set 
relative to the numbers of taxa in other biological groups (see section 2.1) and of the 
narrow environmental tolerances of many diatom species ( e.g. Stevenson et al. 1991 ). 
There are significant macrophyte indicators for all the divisions, apart from division 6 
which separates site groups 1 and 2, although in the latter divisions the numbers of 
indicators arc limited. There are also significant indicator species for all divisions 
within the cladocera classification (Table 5.7), although in several cases indicators are 
only available for one side of the division. Similar results are apparent for the littoral 
macroinvcrtebrates. There are no open water zooplankton indicators for division 4, 
which differentiates sites within the lower pH/conductivity end of the primary 
environmental gradient. 

5.4.2 Indicator species for integrated TWIN SP AN end groups 

Significant indicator species from all the biological groups have also been established 
for the TWIN SP AN endgroups using the Ind Val approach (Tables 5 .10 - 5 .16). These 

represent taxa restricted to, and common within, the different endgroups. Such 
indicators potentially allow the classification of new sites into this scheme on the 
basis of species presence/absence data without having to use a hierarchical key. 
However, the number of indicator species is limited in comparison to those available 
for divisions in the TWINSPAN hierarchy (see Tables 5.4 - 5.9). 
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Table 5.4 

TWli',SPAN 
l)ivision 

l 

2 

3 

4 

5 

(, 

Significant epilithic diatom indicator taxa for divisions in the 
integrated TWIN SP AN classification (p .s 0.05, 250 permutations) 

+vc indicator taxa 
I 

lndVal -vc indicator taxa I lndVal 
(%) (%) 

fohel/aria floccu!osa 98.8 Cocco11eis place11111/a 99.3 
/Jrachysira vitrea 82.8 Nit::chia pa/ea 76.9 
C\'111hella graci/is 77.8 Ac/11w111hes !a11ceo!ata 66.2 
Nit::schia perm/1111/a 73.4 Go111p/1011ema parvu/11111 64.0 
l:'wwtia pecti11alis v. 1111nor 72.2 Navicula c1yptocephe/a 62.8 
Navicu/a angusla 61.1 Ach11anthes c/evei 58.3 
l'i111111/arta subcap. v. hi/sea11a 38.9 Rhoicosphe11ia curvata 58.3 
Ste11opterohia sigmate!la 38.9 Navicu/a subrotunda 50.0 

Fragilaria pi1111ata 49.0 
Navicu/a atomus 45.7 
Navicula rhyncoceohela 30.4 

Ach11anthes a/taica 92.2 Ach11a11t/,es /eva11deri 72.9 
1-i·ustulw rhomhoides v. SllX. 92.9 Ach11anthes dic(vnw 71.6 
f:11110//a l/1C/S(l 90.4 Synedra miniscula 49.7 
fw101ia rhomboidea 85.7 Synedra rw11pe11s 48.3 
Hrachysira hrebissonii 78.6 
1-i·uswlia rhomboides v. v1rid. 78.6 
Pero111a.fib11/a 78.6 
Achnanthes 111arg11111/ata 71.4 
Cymbel/a hebrid1ca 71.4 
E1111otia naegelii 69.4 
A'ancu/a mediocns 64.J 
Ac/111011/hes helvet1ca 62.3 
E11110tia vanheurckii 60.6 
P/111111/ana 111icrostauro11 57.1 
l:111101/a mi1111/issi111a 50.0 
h-agilana ellipt1ca 79.6 Navicula C1)'fJlote11el/a 81.l 
Navic:11/a 111/1111110 71.8 Amphora pediculus 79.5 
Frag1/ana co11slrue11s v. t·enter 57.5 Cocconeis pedirn/11s 55.8 
Ach11a11thes /111earis 56.l Navicula 111e11isc11/us 52.3 
Nav1cula se11111111l11111 50.9 Epithemia sorex 42.9 
fa111otia //IC/SCI 94.2 None 
Eunotw ex1g11a 92.2 
Eunotw rho111bo1dea 86.2 
E1111otia naegelii 80.3 
S11nrella delicat1ssi111a 70.0 
E1111otia mtermedia 52.2 
l'/111111/aria 1rrorata 50.8 
Ewwtia diodcm 50.0 
Frustulia rhomboides 45.9 
P/111111/ana suhcaf). v. hilseana 43.4 
Navicula fripu11ctata 80.0 Cocco11e1s thumensis 91.2 
Nit=schia.fonticola 66.6 Epithemia adnata 86.6 
Nit::schia amphihw 60.0 Go111p/1011e111a constnc/11111 79.3 
Nit=schia palaea v. debilis 60.0 Go111phcme111a 111/1111/11!1/ 72.2 
Cocconeis f){ace11t11/a v. linear. 52.9 Nit::schia paleacea 70.3 
None Navicu/a leplostrima 75.0 

label/aria quadriseptata 75.0 
Eunotia monodon 62.5 
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Table 5.5 

TWli\SPAi\ 
()ivisinn 

I 

2 

J 

4 

5 

6 

Surface sediment diatom indicator taxa for divisions in the 
integrated TWIN SP AN classification. AH taxa arc significant 
indicators at the 95% level as evaluated by permutation tests (250 
permutations) (Dufrene & Legendre 1997) 

+vc indicator tax a 
I 

lndVal -vc indicator taxa I lndVal 
(%) (%) 

Tabellariajlocc11losa 98.4 Fragilaria pinna/a 98.1 
FragJ/ana v1resce11s v. ex1gua 89.5 Cocco11e1s placelllufa 90.1 
/Jrachys1ra vitrea 87.2 Nit=scl11a dissipata 73.9 
(~rmhe/la graci/1s 86.4 Nav1cula rhy11cocephela 73.5 
Lwwtw 111c1sa 83.3 Nav1c11/a gregaria 66.7 
l:1motw pecti11a/1s v. minor 77.8 Synedra ulna 54.3 
N1t=scl11a per11111rnta 62.5 Go111pho11e111a parvulum 54.1 
Navicula a11gusta 57.4 Amphora libyca 50.0 
Eu11otw curvata 52.7 Cyclotel!a pseudostelligera 50.0 
Fr11s111/w rhomboides 50.0 Cocconeis placentula v. eug. 41.7 
Pi111111/aria hiceps 50.0 Nit=schia linearis 41.7 

Aulacoseira amhiP,ua 30.0 
l'ero11wfih11/a 89.8 s:vnedra minuscula 72.2 
Frustu/ia rho111bo1des v. sax. 84.7 Aclma11thes levanderi 66. I 
f:'unol1a exigua 82.5 Navicula seminu/11111 59.0 
Navicula mediocris 78.6 Acl111a11thes pusilla 50.0 
Aclmanthes he!,·elica 76.5 l)'C!otella glomerata 50.0 
famotia rhomboidea 73.9 Nit=schiafimticola 
Ac/111a11thes 111argi11ulata 71.4 
!3rachysira brehisso11i1 71.4 
Eunotia 11aegelii 66.4 
Stenoptcrobia sigmate/!a 64.3 
Ac/111a11thes laltwca v. minor] 57.1 
E11110tia tenella 57.1 
Eunolia va11heurck11 57.1 
Surire//a de/icat1ssi111a 57.1 
Aulacoseira perg/ahra v //or. 42.9 
Eunotia intermedw 42.9 
Pi111111/ana abwyensis 35.7 
Crmhe/la P,ae111m1111i 35.7 
fragilaria e/lipt1ca 79.8 Stepha11od1scus hant=sclzii 100.0 
Aulacoseira gra1111/a1a v.ang. 56.2 Ach11anthcs clevei 85.7 

Amphora pediculus 81.1 
Achnanthes la11ceo/ata 80.1 
Rhoicospehia curvata 69.2 
Fragilaria construens 52.4 
Fragi/aria parasitica 50.3 
Nav1cu/a hungarica 44.0 
Achnanthes co11sp1cua 43.8 
Diatoma e/onf!.a/11111 42.5 

Aulacoseira perg/abra 50.0 Stauroneis anceps f. graci/is 72.2 
E111wtw 11111111/1ss111w 50.0 A clmanthes subatomouies 68.7 

()wbel/a gaeumanmi 66.2 
Navicula cocco!le[for111is 54.3 
Synedra acus 49.5 
Navicu/a 1aerne{c/tii 46.9 

C)'C!ostep!wnos I er 100.0 Cocconeis thumensis 100.0 
tholiformisl 95.7 Navicula baci/lum 100.0 
Stepha11od1scus parvus 80.0 Nit=schia pa/eacea 90.4 
C)'C!ostep!wnos invis1/a/11s 80.0 Go111pho11ema 111i1111l11m 78.0 
Fragilaria construens v. venter 62.5 Navicula tnvialis 73.7 
Cocconezs p/acentu/a v. /in. 57.8 
C)'C!otella meneghiniana 57.8 
Fragi/arw capucina v meso. 
Nav1c11/a soehre11s1s 93.6 Nav1cu/a /eplostriata 81.9 
Szmrel/a delicatissmw 66.4 Tabe//ana quadriseptata 74.3 
1,·11110/w pa/udosu 53.1 ,)"taurom.?1s anceos 62.5 
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Table 5.6 

TWINSl'AN 
Division 

I 

2 

3 

4 
s 
<, 

Table 5.7 

TWINSPAN 
Division 

I 

2 

3 

4 

5 
(, 

Aquatic macrophyte indicator taxa for divisions in the integrated 
TWINSPAN classification. AH taxa arc significant indicators at the 
951¼1 level as evaluated by permutation tests (250 permutations) 
(Dufrene & Legendre 1997) 

+vc indicator taxa I lndVal -vc indicator taxa I lndVal 
(%) (%) 

/soetes lacustns 83.3 Ceratophy/111111 de111ersum 66.7 
Lohe/w dortmamw 66.7 Nymphaea alba 59.2 
( ·atl11nche hamulata 55.6 Nuphar !zttea 53.8 
Pota111ogeto11 polygo11ifol111s 55.6 Lemna minor 50.0 
Suhulana aquatica 333 
.Juncus hulbosus 85.7 Nt1ella lranslucens 75.0 
Sphagnu111 auricula111111 71.4 Fonlina!ts antipyretica 63.9 

Luron/11111 11atw1s 50.0 
Nitel/a opaca 50.0 

Potamogeton ohtustfolius 73.4 Polyga1111111 a111phibi11111 78.1 
Pota111ogeto11 berchtoldii 44.2 Zannic!tella palustris 71.4 
Chara v1rgata 42.6 Pota111ogelo11 cnspus 57.1 
Elatine hexandra 42.5 Pota111ogeto11 pectinatus 57.1 

Elodea ca11ade11s1s 49.7 
Potamoge/011 pusillus 49.5 
Pota111ogeto11 pe1foliatus 48.6 
Mvnopft,,1111111 spica/11111 42.9 

Nardw co11111ressa 50.0 Afl'riophyl/11111 altemiflorum 53.0 
Lemna tnscula 80.0 Ranu11cul11s circi11a/t1s 75.8 
None None 

Littoral Cladocera indicator taxa for divisions in the integrated 
TWINSP AN classification. All taxa arc significant indicators at the 
95% level as evaluated by permutation tests (250 permutations) 
(Dufrene & Legendre 1997) 

+vc indicator taxa 
I 

lndVal -vc indicator taxa 
I 

lndVal 
(%) (%) 

Alonopsis elongata 83.3 Dap/111/a !tyalina 66.7 
C!tydorus piger 72.2 Daphma pulex 33.3 
l:'11hos111111a longispina 57.8 Dap/111/a longisp111a 32.8 
Drepa11ot/11x den/a/a 38.9 
l'ofr{)hemus f}ediculus 27.8 
A lo11ella excisa 78.6 None 
Gra1,1oleheris testudinaria 64.5 
None Simocephalus vetulus 63.4 

Pleuro.rns aduncus 61.9 
Alona rust1ca 58.0 None 
Acroperus harpae 40 0 
/iscudochrdorus f!,iohosus 60.0 Alona cos/ala 74.0 
Alona quadrangulans 100.0 None 
/)111p/u111oso111a brac/1;·11ru111 54.9 
,\fo11os1nl11s dis11ar 531 
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Table 5.8 

TWINSPAN 
Division 
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Table 5.9 

TWINSPAN 
Division 

I 

2 

J 

4 

s 

(, 

Open water zooplankton indicator taxa for divisions in the 
integrated TWINSPAN classification. All taxa are significant 
indicators at the 95% level as evaluated by permutation tests (250 
permutations) (Dufrene & Legendre 1997) 

+vc indicator laxa I lndVal -vc indicator taxa 
I 

lndVal 
(%) (%) 

Diapha11oso111a brachyurum 73.4 Asp/ancha sp. 66.7 
Eubosmina /o11gi.\pi11a 66.7 Daphnia galeata 51.8 

Cyclops strenus 41.7 
Daf)h11ia fJUlex 333 

Ke//,collw /011g1spi11a 64.6 None 
(\'Clops 11hrssomm 51.4 
Chaohorus sp. 57.0 I /olopedi11111 gihberum 42.9 
Trichoccra 40.0 
71,emwc1-c/of)s d1·hm1·skii 40 0 
None None 
None /Josmina lollf!,t/'Ostns 56.8 

llolopedium f!,thherum 50.0 None 

Littoral macroinvertebrate indicator taxa for divisions in the 
integrated TWINSPAN classification. All taxa are significant 
indicators at the 95% level as evaluated by permutation tests (250 
permutations) (Dufrene & Legendre 1997) 

+vc indicator laxa 
I 

lndVal -vc indicator taxa 
I 

lndVal 
(%) (%) 

Pol;·ce11tropus_flavomacu/a1us 76.1 Theromy=on tessa/a/11111 88.5 
Leptophlebia sp. 50.3 Glossiphonia complanata 84.7 

Helohdella stag11a/1s 82.8 
I laltplidae sp. 82.5 
Tricladida 80.3 
Lymnaea peregra 77.7 
Planorbis a/bus 75.0 
C/oeon diperum 65.9 
Physa.fo111i11a/1s 58.3 
I laliplus ruficol/is group 58.3 
Gammarus pulex 53.5 
Asel/11s mendwnus 41.7 

Ou/111111/us sp. 60.0 None 
Tinodes waenen 57.4 
Cae111s luctuosa 52. l 
A11ci-/11s fluvia/1/ts 50 0 
Cocnagriidca 66.7 I 'a/va/a piscinalts 66.6 
I faliplusjlavicollis 60.0 Callicorixa praeusta 61.3 
I (rphydrus ova Ills 55.7 Asel/us aquaticus 60.2 
Noterus clavicorms 55.7 Sigarafal/e111 58.4 
Triaenodes bico/or 52.0 Corixa punc/a/a 57.l 
Noterus crassicornis 40.0 lsch1111ra e/egans 54.5 
L;pe phaeopa 40.0 S1gara co11c1111w 42.9 

Arctocorisa ~ermari 40.6 
Aes/111a 11111cea 50.0 None 
Cvmus ln111ac11/a111s 39.1 
Acro/oxus /acuslris 78.9 None 
G/osslf)honia helcroc/ila 75.2 
Leptophlebia sp. 51.7 None 
Sia/ts lu/cma 49.8 
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Table 5.10 Significant indicator taxa for integrated TWINSPAN Group 1 (p 
:;:; 0.05, 250 permutations). Indicator values('½,) arc given in 
brackets. 

Epilithic diatoms Frusllllia rho111bo1des v. vmdu/a (76.3) £11110/ia incisa (69.8) 

C'ymbel/a perpusil/a (61.6) Frustu/ia rhomboides v. saxonica (6L4) 
Aclmanthes al!aica (60.6) Achnanthes hefvetica (58.1) 

Surface sediment diatoms Nav1cu/a soehrensis (93.6) E1111011a 111cisa (66.8) 
Surirella delicatissuna (66.4) C'ymbella perpusi//a (64.3) 
Frustulia rhomboides v. viridula (59.9) Frustulia rhomboides v. saxonica (59.2) 
Eunotia paludosa (53.1) Eunotia rhomboidea (50.6) 

Aquatic macronhvtcs None 
Littoral Cladoccra Alona quadrangularis ( I 00.0) Diaphanosoma brachyurum (54.9) 

Alona rustica (54.8) Mrmospilus dispar (53.1) 

Open-water zoonlankton Diaphanosoma brachrurum (33.2) 

I .ittoral macroinvertchrates l.eptoph/ehw sp. (51.7) Sia/is lutcma (49.8) 

Table 5.11 Significant indicator taxa for integrated TWINSPAN Group 2 (p 
:;:; 0.05, 250 permutations). Indicator values(%) arc given in 
brackets. 

Epililhic diatoms Navicula /eptostriala (75.0) Tabel/ana quadriseptata (75.0) 
Ewwtia exigua (65.0) 1:·11110/ia monodon (62.5) 

Suri rel/a delicatissima (59.4) Brachysira brebissonii (57.9) 
Eunotia va11he11rckii (56.6) 

Surface sediment diatoms Navicula leptostriata ( 81. 9) Tabellana quadriseptata (74.3) 
Brachvsira hrehissonii (64.9) Stauroneis ancef}s (62.5) 

Aquatic macrophytcs lsoetes lacustris (37.0) 

Littoral Cl:uloccra A/011op.m e/ongata (48.9) 

Open-water zooplankton None 
Littoral macroinvcrtcbratcs None 

Table 5.12 Significant indicator taxa for integrated TWINSPAN Group 3 (p 
:;:; 0.05, 250 permutations). Indicator values(%,) arc given in 
brackets. 

Epilithic diatoms Pervniafibula (61.6) C'ymbe/la gracilis (60.9) 
Nit:schia per111i11111a (56.6) Brachvstra vitrea (53.3) 

Surface sediment diatoms Ach11a111hes subatomoides (67.0) Stauroneis anceps v. graci/is (58.5) 
Peron/a (ihu/a (55.0) Aclmanthes he/vetica (51.9) 

Aquatic macrophytes Sphagnum auricu/0111111 (51.3) Myriophylum allerniflorum (50.2) 
Juncus hulbosus (47.5) 

Littoral Cladoccra None 
Open-water zooplankton None 
Littoral macroinvertcbratcs None 

Table 5.13 Significant indicator taxa for integrated TWINSPAN Group 4 (p 
:;:; 0.05, 250 permutations). Indicator values(%) arc given in 
brackets . 

Epilithic diatoms . -tc/111a11thes d1dr111a (63 0) 

Sur·face sediment diatoms ,','.v11edra 111i111sc11/a (68.1) C'yclotella glomerata (50.0) 

Aquatic macrophytcs Nile/la lra11sluce11s (75.0) Nitella opaca (50.0) 
Fontina/is antiprretica (42.1) 

Lilloral Cladoccra None 
Open-water zooplankton None 
Liltoral macroinvcrtchratcs Ancl'lus f/uviatilis (50.0) 
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Table 5.14 Significant indicator taxa for integrated TWINSPAN Group 5 (p 
s:, 0.05, 250 permutations). Indicator values(%) are given in 
brackets. 

Epilithic diatoms ha!!.ilaria el/iptica (79Ji) 
Surface sediment diatoms Fra/!_ilaria e//ipt,ca (79.4) A11/acose1ra /!_ranulata v.anr;ust. (54 8) 

Ac1uatic macrophytcs Potamogeton oht11s1(0/111s (69.2) 
Litloral Cladoccra None 

Open-water zooplankton ('haoborus sp. 

I ,ittoral rnacroinvcrtchratcs 1/a/ip/us (/avicollis (60 0) 

Table 5.15 Significant indicator taxa for integrated TWINSPAN Group 6 (p 
:<:: 0.05, 250 permutations). Indicator values(%) arc given in 
brackets. 

Epilithic diatoms Nav1c11/a tripu11c/a/a (80.0) Nit=schiafonticola (66.6) 
Nit=schia pa/ea (60.1) Nit=schia amphibia (60.0) 
Nit=schia pa/ea v. debilis (60.0) Cocconeis placen/11/a v./inearis (52.9) 
('occoneis p/ace11t11/a v. eu!!.lrpta 

Surface sediment diatoms Cyc/ostephanos I cC thol/(ormis] ( l 00 0) Stephanodiscus parvus (95. 7) 
Cycloslepha11os i11visita/11s (80.0) Fragilaria co11strue11s v. binodis (80.0) 
('occo11e1s placen/ula v.li11eans (62.5) fragilana brevislriata (58.9) 
Cvclotel/a 111e11er;hinia11a (57.8) Frar;ilaria i111ermedia v. conslric/a (57.6) 

Aquatic macrophytcs l.emna triscula (80.0) 

Littoral Cladoccra Pseudoclzrdorus r;loho.1·11s (60.0) 

Open-water zooplankton None 

Littoral macroinvcrtcbratcs Acro/oxus larnslris (76.7) Glossipho11ia /ze/eroclita (75.2) 
I 'a/vat a piscinalis (59.8) lsch1111ra elegans (53.2) 
Asel/us a11ua/icus (49.0) 

Table 5.16 Significant indicator taxa for integrated TWINSPAN Group 7 (p 
:<:: 0.05, 250 permutations). Indicator values(%) arc given in 
brackets. 

Epilithic diatoms Cocco11e1s 1l111111e11s1s (91.2) Epithemia adnata (86.6) 
Gomphonema 111i1111111111 (72.2) Nil=schia pa/eacea (70.3) 

Surface sediment diatoms Go111pho11ema 111i11utum ( I 00.0) Navicu/a baci/111111 ( l 00.0) 
Nil=schia paleacea (90.4) Amphora pediculus (80.1) 
Go111pho11ema 111i1111tu111 (78.0) Navic1,!a trivia/is (73.7) 
Nav1cu/a pupula (72.4) Fragilaria pinna/a (69.4) 
Stepha11odisc11s lwnt=schii (65.0) Nit=schia dissipata (59.1) 
Nit=schia rec/a (51.7) 

Aquatic macro11hytcs Ra111111rn/11s circi11a111s (75.8) 

Lillornl Cladoccra Alona cos/ala (74.0) 

Open-water zonplanklon /Josmina lom.;iroslns ( 68.2) 

Lillornl macroinvcrtebratcs Sigara dorsalis (48.9) ffaliplidae sp. (48.5) 
Lrnmaea perep;a (43.1) 
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5.5 Interpreting the environmental characteristics of the integrated 
TWINSP AN groups using canonical variates analysis 

The environmental characteristics of the integrated TWIN SP AN endgroups has been 
described subjectively in section 5.2. However, the environmental variables which 
most effectively explain the endgroup structure can be explored objectively using 
canonical variates analysis (CV A). CV A allows the identification of the combination 
of environmental variables which provide the best discrimination between all groups 
in the classification (see section 2.2.3). CVA was implemented using CANOCO 3.1 
(ter Braak 1990a, 1990b), using the forward selection option to identify a minimal 
dataset of independently significant environmental variables. 

Forward selection resulted in a set of three significant environmental variables (pH, 
soluble reactive phosphorus and chlorophyll a which together explained 33.3<% of the 
between-to-within group variation (Table 5.17). These variables were therefore used 
in the CVA analysis. The biplot from this analysis is shown in Figure 5.4. The CVA 
shows a dominant first axis (11.1 0.972) which explains 16.2% of the between-to
within group variation. This axis is strongly correlated with pH (Figure 5.4 ). The 
second CV A axis (11.2 = 0.599) explains I 0% of the between-group variation and is 
most strongly correlated with soluble reactive phosphorus (SRP). The CV A bi plot 
shows clear site group separation. Sites in Groups I and 2 plot to the far left of the 
biplot and are associated with the lowest pH conditions. The two groups are separated 
by the higher levels of SRP in group I sites. Site Groups 3 and 4 cluster towards the 
centre of the CVA plot. The plot reveals that the two site groups are rather similar in 
terms of pH, SRP and Chlorophyll a conditions, although Group 4 sites have generally 
higher levels of all these determinands, particularly pH and Chlorophyll a. Sites in 
Group 6 are characterised by very high levels of SRP, and plot in the top right of the 
CV A Group 5 and 7 sites plot to the bottom right of the bi plot, and have high pH and 
chlorophyll a conditions, but lower SRP than Group 6 sites. With the exception of 
Llyn yr Wyth Eidion, Group 7 sites have higher pH and chlorophyll levels than the 
sites in Group 5 

Table 5.17 Results of fonvard selection prior to canonical variates analysis 
(CV A) of integrated TWINSPAN groups 

Variable variance p Bonferonni required 
added significance level 

pH 0.92 0.001 0.050 
Soluble reactive phosphorus 0.63 0.001 0.025 
(SRP) 
Chlorophyll a 0.47 0.012 0.017 
TOT AL VARIANCE 6.00 
% variance explained by selected variables= 33.3% 
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Figure 5.4 
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CV A site-environment biplot for the integrated TWIN SP AN 
groups. Hulls enclose the seven site groups (closed circles= group 
1, open circles= group 2, open squares= group 3, closed squares= 
group 4, closed diamonds= group 5, open diamonds = group 6, 
open triangles = group 7) 

3.0 

2.0 

1.0 

~t 
0.0 

PH 

-1.0 

-2.0 

-2.0 -1.0 0.0 1.0 2.0 

Axis 1 = 0.972 

52 



Figure 5.5 Scattergraph of pH and soluble reactive phosphorus for the 30 
sites in the integrated TWINSPAN scheme. Hulls enclose the seven 
site groups (closed circles= group 1, open circles= group 2, open 
squares = group 3, closed squares = group 4, closed diamonds = 
group 5, open diamonds = group 6, open triangles = group 7) 
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The CV A clearly demonstrates that the TWIN SP AN groups have real environmental 
coherence, and the group structure can be distinguished using a few key variables. It 
also emphasises the importanee of lake-water acidity (represented by pH) and nutrient 
concentration (represented by SRP) in determining the biological assemblages. The 
variables are both representative of the primary environmental gradient in the dataset. 
The importance of the relationship between these two variables and the TWINS PAN 
group structure is illustrated in Figure 5.5. This shows that group structure can very 
largely be described using these two variables alone. The exception is the distinction 
between Groups 3 and 4, which is not well represented by just pH and SRP. 

Although in the CV A soluble reactive phosphorus (SRP) was selected as a significant 
environmental variable, exclusion of this variable from the analyses resulted in the 
selection of total phosphorus (TP) and a very similar pattern of site discrimination. 
This can be explained by the strong co-variance between SRP and TP in the dataset. 

5.6 Comparison of classification schemes 

An objective comparison of the site classification schemes presented in this report 
was made using the dissimilarity coefficient described in section 2.2. This provides a 
measure of the similarity between any two pairs of classifications schemes. In 
hierarchical classifications it assumes that comparable levels of division are used. 

Table 5.18 presents dissimilarity coefficients for all pairs of classification schemes 
reported. This includes the Palmer macrophyte scheme (Palmer et al. 1992) widely 
used in conservation and the OECD trophic classification scheme (OECD 1982) 
widely used by lake managers. Classification schemes with similar endgroup 
structures have low dissimilarity coefficients; a score of zero represents identical 
endgroup structure. 

On the basis of these data, the most similar classification to the integrated 
TWINSPAN is that based on physio-chemical data. This again highlights the 
important relationship between integrated biological variation and physio-chemical 
variation, but at least partly reflects the mismatch in classification levels of the two 
schemes (the physio-chemical scheme has only three endgroups) and must therefore 
be interpreted with caution. The next most similar classification to the integrated 
biology scheme is the aquatic rnacrophyte TWINSPAN scheme. This suggests that 
classifications based on aquatic macrophytes provide a reasonable approximation of 
the structure of integrated biological variation, an assumption underlying the wider 
use of macrophytes for lake classification for conservation ( e.g. Palmer et al. 1992). 
Table 5.19 indicates the similarity in endgroup structure between the integrated and 
macrophyte TWIN SP AN classifications. The latter provides less site discrimination at 
the more acid sites, but is otherwise very similar to the integrated scheme. The next 
most similar scheme is the surface sediment diatom TWINSPAN classification. which 
differs mainly from the integrated scheme in discriminating deep, low alkalinity lakes 
and also in providing more discrimination amongst the lakes with highest alkalinity/ 
conductivity/TP. 
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A notable result of this analysis is that the least similar classifications to the integrated 
biology scheme are provided by the littoral cladocera. In a study from lakes on the Isle 
of Skye, Duigan and Kovach (1994) noted that site classifications based on littoral 
cladocera were poorly related to classifications based on macrophytes. This is 
confirmed within the present analysis, with the added finding that macrophyte 
classifications more closely resemble integrated classifications. The reasons for the 
poor correspondence between littoral cladocera classifications and integrated schemes 
may be related to the relatively weak relationships between cladocera assemblages and 
the primary environmental gradient beyond the first division in the cladocera 
classifications (see appendix E). For example, although the first division of the 
cladocera TWINSPAN (section 7.1) is strongly related to site alkalinity, conductivity 
and pH, further divisions are diflicult to interpret relative to these chemical variables. 
It may be that habitat, predation and possibly seasonal factors become more important 
at lower levels in the cladocera classifications. 

Table 5.19 also shows the endgroup structure of the Palmer and OECD schemes. The 
Palmer scheme shows rather poor correspondence to both the integrated TWINSPAN 
scheme and to the macrophyte TWINSPAN scheme. The Palmer scheme shows 
relatively little site differentiation amongst the more acid sites, most of these falling 
into Palmer site type 3, although it does differentiate the acid sites with elevated 
phosphorus levels (Palmer site type 2 - oligotrophic sites heavily infiuenced by peat). 
The Palmer scheme also fails to distinguish the sites in integrated TWJNSPAN group 
4 (=macrophyte TWINSPAN group 3), and there is little coherence between the 
schemes among the higher alkalinity/conductivity/TP sites (which include Palmer site 
types 4, 9, SA, 8, IOA and 1 OB). These results suggest that the Palmer scheme does 
not effectively represent the structure of variation in either macrophyte or integrated 
biological data from the training set lakes. This may be a result of the Palmer scheme 
being calibrated predominantly using Scottish lakes, with relatively few Welsh lakes 
being included. 

The OECD scheme also corresponds rather poorly with the endgroup structure of the 
integrated classifications (Table 5.18). Again, there is little differentiation amongst the 
more acid/lower TP sites, which all tend to fall into the OECD oligotrophic class 
(Table 5.19). Some of the more acid sites are also difficult to classify into the OECD 
scheme, in particular sites with a strong peat infiuence and high TOC, low 
transparency and relatively elevated levels of phosphorus. Such sites are not suitable 
for classification according to the OECD scheme. There is also little coherence 
amongst the higher alkalinity sites between the integrated TWINSPAN classification 
and the OECD scheme (Table 5.19). These results demonstrate that the OECD scheme 
does not adequately represent the structure of integrated biological variation at these 
training set sites. 
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Table 8 Dissimilarity matrix for classification schemes developed from the 
training set data 

PC .000 
EDTfv . 429 .000 
EDCO .512 .279 .000 
SSTfv .148 .346 .380 .ODO 
ssco .228 .346 .380 13 .000 
ANTW .197 .337 .412 . 257 .304 .000 
ANCO .249 .504 .547 .319 . 34 6 .254 .ODO 
LZTfv .400 . 611 .484 . 4 61 .461 . 4 93 .523 
LZCO . 367 .474 .441 . 413 .413 .438 .445 
OZTfv .360 .386 .383 .340 .354 .372 .381 
ozco .500 .483 .426 .335 .335 . 379 .404 
LMTW .357 .432 .522 .320 .361 .332 .336 
L!1CO .436 .480 . 511 .328 .315 .389 .485 
INTW .152 .285 .414 .223 .249 .138 .328 
INCO . 261 .300 .330 .237 .282 .213 .323 
OECD .437 .510 .484 .359 .314 .366 .445 
PAL!1 .336 .452 .522 .401 . 401 .444 .470 

PC EDTW EDCO SSTrv ssco ANTfv i1NCO 

PC Physio-chcmical classification 
EDCO = Epilithic diatom COINSPAN classification 
SSCO = Surface sediment diatom COINSPAN classdication 
AMCO = Aquatic macrophytc COINSPAN classification 
LZCO Littoral cladocern COINSPAN classification 
OZCO = Open-water zooplankton COINSPAN class1fication 
LMCO = Littoral macroinvertcbrnte COINSPAN classification 
!NCO Integrated COINSPAN classification 
PALM= Palmer macrophytc classification 

.000 

.452 .000 

.293 .274 .000 

.292 .351 .367 .000 

. 513 .476 69 .384 .000 

.478 .443 .404 .500 .335 .000 

.464 .484 .337 .310 .282 .301 .000 

.430 .370 .342 .370 .425 . 396 .195 .000 

.523 .582 .433 .545 .514 .373 .384 .000 

.499 .481 .337 . 3 61 .406 .477 .384 .475 . so 1 
LZTrv LZCO OZTfv ozco L!1Tfv LNCO INTW INCO OECD 
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EDTW Fpilithic diatom TWINSPAN classilication 
SSTW Surface sediment diatom TWINSPAN class11icatm11 
AMlW Aquatic macrophytc TWINSPAN classificat1011 
LZTW Littoral cladocera TWINSPAN class1licat1011 
OZTW Open-waler zoorlankton TWINSPAN dass1licauon 
I.MTW = Littoral macroinvertebrale TWINSPAN class11icatwn 
INTW Integrated TWINSPAN classification 
OECD OECD class11ication 



Table 5.19 Endgroups for site classifications using the integrated 
TWINSPAN, aquatic macrophytc TWINSPAN, surface sediment 
diatom TWINSPAN, Palmer macrophyte classification, and 
OECD classification 

Site Integrated Aquatic Surface Palmer OECD 
TWINSPAN 

No. of endgroups in 7 
training set data 
Bugeilyn l 
Llyn Llech Owain I 

Llyn Cynon 2 
Llyn Hir 2 
Llynnoed Ieuan 2 
Llyn Llagi 2 
Llyn Alwen 2 
Llyn Mymbyr 2 
Gloyw Llyn 2 
Llyn Cau 2 
Llyn ldwal ,., 

.) 

Llyn Cwellyn 3 
Llyn Glanmerin 3 
Llyn Fach 3 
Llyn Eiddwen 4 

Llyn Fanod 4 
Llyn y Fan Fawr 4 
Llyn Tegid 4 

Llyn Glasfryn 5 
Maes-Llyn 5 
Upper Talley Lake 5 
Lower Talley Lake 5 
Llyn y Wyth Eidion 5 
Hanmer Mere 6 
Llyn Coron 6 
Llyn Dinam 6 
Llyn Penrhyn 6 
Llangorse Lake 6 
Kenfig Pool 7 
Llyn Rhos-Ddu 7 

OECD Scheme: U ultra-oligotrophic, 0 
H = hyper-eutrophic, Pl 

macrophyte sediment Scheme 
TWINSPAN diatom 

TWINSPAN 
6 8 y 

I l 2 
5 l 2 
I 2 3 
I 2 3 
I 2 3 
I 2 3 
l I 3 
I 2 3 
I 2 3 
l 4 3 
I 3 3 
I 3 3 
2 3 3 
2 3 2 
3 3 2 
3 3 3 
3 4 3 
3 5 3 
4 6 9 

4 6 4 

4 6 9 

4 6 SA 

5 7 9 

6 8 9 

6 7 SA 

6 8 JOB 

6 7 IOA 

6 8 IOA 

6 7 IOA 

6 7 8 

oligotrophic, M mesotrophic, E eutrophic, 
problematic site type l, P2 problematic site type 2 
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Pl 
E 

0 
0 
0 
0 
Pl 

0 
0 
u 
0 
0 
M 
0 
M 
M 
M 
M 
H 
E 
E 
E 
M 
P2 
II 

E 

II 

II 

E 
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5. 7 Stability of integrated TWIN SP AN classification 

The stability of the TWINSPAN classification was evaluated by repeat analyses in 
which biological groups were excluded. Two biological groups were identified for 
exclusion. Firstly, the TWINSPAN analysis was repeated excluding diatom taxa. The 
rationale was that the diatoms contribute the largest number of taxa to the integrated 
dataset (see Table 2.2), and thus could potentially have greater influence on the 
analyses than other species groups. TWIN SP AN analyses were therefore performed 
on the integrated dataset excluding one or both of the epilithic and surface sediment 
diatoms. Secondly, a TWINSPAN was performed on the dataset excluding the aquatic 
macrophytes. This biological group forms the basis for much of the current lake 
classifications for conservation in Britain (Palmer el al. 1992). 

The TWINSPAN endgroups resulting from these analyses are shown in Table 5.20. 
There are four key points which relate to these endgroups. 

First, there is consistency in the first division of the TWINSPAN hierarchies. In all 
cases this splits 18 sites at the more acid end of the primary environmental gradient, 
including Llyn Tegid, from 12 sites at the more alkaline end of the gradient. This 
demonstrates the relatively robust nature of this primary division in the integrated 
classification, which in general terms distinguishes between low and high alkalinity 
sites. This primary division is also identified by DCA ordination (see Figure 5.1 ). 

Second, the endgroups within the more alkaline, high pH and conductivity sites arc 
relatively consistent. In particular the analyses reveal two persistent associations of 
sites; an association containing Llyn Glasfryn, Maes-Llyn , Upper and Lower Talley 
and Llyn y Wyth Eidion, and an association containing Hanmer Mere, Llyn Coron, 
Llyn Dinam, Llyn Penrhyn and Llangorse Lake. The latter association represent sites 
with the highest pH/alkalinity/conductivity/TP conditions in the training set. The only 
inconsistency in these associations is the classification of Kenfig Pool and Llyn Rhos 
Ddu, sites which form a separate site group in the full integrated TWIN SP AN. 

Third, although among the more acid, low conductivity/alkalinity/Tr sites all the 
classifications divide along the primary environmental gradient, there is little 
consistency in the endgroup structure. This suggests that division of these sites on 
biological characteristics is relatively arbitrary, falling at different positions along the 
primary environmental gradient depending on the combination of species groups used 
in the classification. 

Finally, exclusion of the diatom taxa results in poor differentiation of the more acid 
sites. This indicates that other biological groups are relatively insensitive at the acid 
end of the primary environmental gradient. This is an important consideration. as a 
very large proportion of Welsh lakes can be considered acid (see section 3.1 and Table 
3.3). 

In summary, the analyses show that although some aspects of the integrated 
classification are relatively stable when different combinations of biological groups 
are used, the detail of endgroup structure is variable. 
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Table 5.20 Endgroups for TWlNSP AN analyses of the integrated dataset 
using different combinations of data 

Site Integrated Integrated Integrated Integrated lntegrnletl 
TWINSPAN (all TWINSPAN TWINSPAN TWINSl'AN TWINSl'.\N 

biological excluding excluding all excluding excluding surface 
groups) aquatic diatoms rpilithic diatoms sediment diatoms 

macronhvtes 

No. of endgroups 7 6 5 5 6 
Bugeilyn I I I I I 
Llvn Llech Owain I I 3 I 

,, 
-' 

Llyn Gynon 2 l l 2 l 
Llyn Hir 2 l I 2 I 
Llynnoed leuan 2 I I 2 I 
Llyn Llagi 2 1 1 2 l 
Llyn Alwen 2 l I I I 
Llyn Mymbyr 2 2 I 2 2 
Gloyw Llyn 2 2 I 2 2 
Llyn Cau 2 2 1 2 l 
Llyn ldwal 3 2 I 2 2 
Llyn Cwellyn 3 2 I 2 2 
Llyn Glanmerin 3 

., 
3 3 3 .) 

Llyn Fach 3 2 l 2 2 
Llyn Eiddwen 4 3 

,., 
3 4 .) 

Llyn Fanod 4 
., 

3 3 4 .) 

Llyn y Fan Fawr 4 3 l 2 4 
Llyn Tegid 4 4 2 3 4 

Llyn Glasfryn 5 5 4 4 5 
Maes-Llyn 5 5 4 4 5 
Upper Talley Lake 5 5 4 4 5 
Lower Talley Lake 5 5 4 4 5 
Llyn y Wyth Eidion 5 5 4 4 5 
Hanmer Mere 6 6 4 5 6 
Llyn Coron 6 6 5 5 6 
Llyn Dinam 6 6 5 5 6 
Llyn Penrhyn 6 6 5 5 6 
Llangorse Lake 6 6 5 5 6 

Kenfig Pool 7 5 4 4 5 
Llvn Rhos-Ddu 7 6 5 5 6 
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5.8 Site with notable physio-chemical or biological characteristics 

The analyses of the integrated data from the training set lakes has revealed several 
lakes with notable chemical or biological characteristics. 

Llyn Tegid is biologically distinct from the rest of the sites (see section 5.1 ). The lake 
contains species absent or poorly represented in the rest of the training set lakes. Llyn 
Tegid also contains species otherwise restricted to higher alkalinity conditions (e.g. 
Fragilaria capucina, Daphnia galeata) or to more acid conditions (e.g. Callitriche 
hamulata, Eubosmina longi.spina, Jsoetes lacustris). 

Llyn yr Wyth Eidion is also notable, as the relationship between physio-chemistry and 
biology at this site is not consistent with the rest of the lakes in the training set. In 
particular, Llyn yr Wyth Eidion has the highest alkalinity of all the sites, but has 
biological characteristics similar to intennediate alkalinity sites (e.g. the Talley lakes). 
Relative to other high alkalinity sites (e.g. Llangorse Lake, Llyn Penrhyn) Llyn yr 
Wyth Eidion has very low phosphorus concentrations. The site represents the only 
marl lake within the training set. 

Kenfig Pool and Llyn Rhos-Ddu represent high alkalinity sites. However, compared to 
other high alkalinity sites (e.g. Llangorse Lake, Llyn Penrhyn) they have relatively low 
phosphorus concentrations (see Figure 5.4). This suggests they may be less impacted 
by eutrophication. The integrated TWIN SP AN analysis also revealed that these sites 
are biologically distinct from other high alkalinity sites. This may be a result of the 
relatively low phosphorus levels, or may be associated with the coastal locations of 
these two lakes. 

Another important group of lakes are the acid sites which have elevated phosphorus 
and organic carbon concentrations relative to other acid lakes. These represent 
dystrophic conditions where lake water chemistry is strongly influenced by organic 
soils. Bugeilyn and Llyn Llech Owain fall into this category, and the integrated 
TWINSP AN suggests they are biologically distinctive from the rest of the acid sites in 
the training set. Llyn Al wen has similar characteristics. 

Finally, Llyn Eiddwen and Llyn Fanod are notable for their intermediate 
characteristics in tenns of both physio-chemical and biological variation within the 
training set (see Figures 3.2 and 5.1 ). These two sites are circurnneutral in terms of pH 
and are be classified as mesotrophic on the basis of the OECD lake classification 
scheme. Llynnau Eiddwen and Fanod occupy a position in the centre of the 
environmental and biological gradients revealed in the study. 
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6 Recommendations for lake assessment and classification strategy 

Ideally, lake assessment and classification for conservation should be based on the full 
range of ecological variation at the site (e.g. integrated classification). However, the 
integrated scheme presented in this report has been shown to be sensitive to the 
combination of input data and numerical technique applied. This partly reflects the 
essentially continuous nature of physio-chemical and biological variation within 
Welsh lakes. The scheme is therefore not currently recommended for wider 
application. CCW should consider further developing and evaluated the integrated 
scheme by adding new sites to the dataset. The same physio-chemical and biological 
measurements as available for the training set lakes would be required. 

However, additional full site surveys would be resource intensive. The study has 
confirmed that any spatial-state classification scheme adopted for general application 
will be essentially arbitrary. Nevertheless, nature conservation managers value spatial
state classification as an important practical tool for the assessment of site 
representivity and for site selection. 

Some pragmatic recommendations can therefore be made concerning future strategy 
for assessing and classifying lakes in Wales for conservation purposes. It is 
recommended that a two-tier approach to lake assessment be adopted: 

Tier 1: Initial site assessment and class(fication hased on physio-chemistry 

A key finding is that biological variation within all the individual biological groups 
studied relates most strongly to the primary environmental gradient. This gradient is 
effectively represented by the following chemical variables; pH, alkalinity, 
conductivity, total phosphorus and chlorophyll a. Initial site assessment could 
therefore be made with reference to this chemical gradient. lt is recognised that 
several other biologically significant variables have been identified ( e.g. depth, 
soluble labile aluminium, manganese, iron), and that biological groups not studied in 
this project might respond to other variables. However, the overall dominant influence 
of the gradient makes it a sound basis for initial site assessment. 

Initial assessment and site classification should therefore be based on measurements 
of lake-water pH, alkalinity, conductivity, total phosphorus and chlorophyll a. 
Additionally, measurements of depth, soluble labile aluminium, manganese and iron 
should be taken if resources pennit. 

Such assessment based on physio-chemistry alone would provide a relatively cost 
effective means to increase the site database beyond the current 31 lakes. It would also 
allow the identification of sites with general chemical characteristics not represented 
within the training set lakes or the SSSI series in an area. Such sites would be 
priorities for biological survey (see below). 

Although it is recommended that the physio-chemical assessments are based on 
estimates of mean chemistry using quarterly measurements, the priority should be to 
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increase the number of sites for which data arc available. If resources arc limited, 
therefore, a single measurement taken in the autumn period could be used 
Appendix I). 

Classification of sites based on these physio-chemical measurements should be 
developed as groups of new sites arc added to the database. 

Tier 2: Biu!ogicol site assessment using aquatic macrophytes 

More detailed biological assessments should be made at sites with unusual physio
chemical characteristics, or with physio-chemical characteristics poorly represented by 
the current training set data. Biological assessments should also be made at sites or 
particular conservation importance. 

The availability of biological assessments across the full range of physio-chemical 
variation of Welsh lakes will allow the assumption that the physio-ehemical data (and 
associated site classifications) reflect biological variation to be validated. 

Ideally biological assessments should be made using integrated biological data. 
I lowevcr, this approach is resource intensive and it is unlikely that it could be applied 
widely. Of the biological groups studied, the aquatic macrophytes most effectively 
summarise the structure of the integrated biological data. It is therefore recommended 
that biological assessments arc made using aquatic macrophytcs. At sites of key 
conservation importance more complete biological surveys should be considered. The 
use of aquatic rnacrophytes for biological assessments would have two further 
advantages. Firstly, rnacrophytes form the basis of the lake classification approach 
used by English Nature and Scottish Natural Heritage (e.g. Palmer el al. 1992), and 
comparisons between classification with these organisations will therefore be 
possible. Secondly, aquatic macrophytcs represent a biological group of intrinsic 
interest to conservation agencies. 
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7 Conclusions 

1. The training set lakes used in this study effectively represent the gradients of 
altitude and key chemical characteristics ( e.g. acidity, ionic strength and nutrients) 
apparent in the wider population of Welsh lakes. However, the training set is biased 
towards high alkalinity/high nutrient status lakes in comparison to the total population 
of Welsh lakes. 

2. Physio-chemical variation in the tra111111g set lakes is dominated by a single 
gradient. This 'primary environmental gradient' reflects low to high levels of pH, 
alkalinity, conductivity, ionic strength and nutrient status. 

3. The primary environmental gradient is the most important factor explaining 
between-site floristic or fauna! variation within all six biological groups studied 
(epilithic diatoms, surface sediment diatoms, aquatic macrophytes, littoral cladoccra, 
open-water zooplankton, aquatic macroinvertebrates). The strong relationship with the 
primary environmental gradient is also reflected in the classification schemes obtained 
by analysis of the individual biological groups. 

4. Ordination of the integrated biological data also emphasises the dominant role or 
the primary environmental gradient at an ecosystem level within the training set sites. 

5. Comparison of classification techniques (especially TWINSPAN against 
COINSPAN) indicates that TWINSPAN analysis provided the most coherent. 
ecologically interpretable classification schemes. 

6. TWINS PAN analysis of the integrated biology dataset produces a coherent, readily 
interpretable classification scheme which divides the training set lakes into seven 
endgroups. The endgroup structure reflects the primary environmental gradient. 

7. Indicator taxa have been defined for the endgroups of the integrated classification. 
and for the divisions within the classification hierarchy. The diatoms tend to provide 
the largest number of indicator taxa, probably a result of the high species richness of 
this group. Indicator taxa can potentially be used to classify additional sites into the 
integrated TWIN SP AN scheme. 

8. Canonical variates analysis demonstrates that the between-group variation in the 
integrated TWINSP AN is strongly related to the primary environmental gradient and 
can be effectively summarised by lake-water pH, soluble reactive phosphorus (SRP) 
and chlorophyll a. These variables could potentially be used to classify additional sites 
into the integrated TWIN SP AN scheme. 

9. Comparison or the integrated TWINSPAN classification with classifications 
derived from the individual biological groups shows that the integrated scheme most 
closely corresponds to the aquatic macrophyte TWIN SP AN scheme. This suggests 
that (of the biological groups studied) the aquatic macrophytes most effectively 
summarise the structure of the integrated biological data. This finding probably results 
from the fact that macrophytes both respond to variations in water chemistry and 
substrate, and have an important role in determining habitat availability for many 

64 



biological groups in lake systems. However, the aquatic macrophyte classification is 
poor at resolving site groupings among the lower alkalinity sites in the training set, 
especially in comparison to the diatoms. 

l 0.The Palmer classification scheme does not effectively reflect the structure of 
variation in either macrophyte or integrated biological data from the training set lakes. 
This may relate to the relatively poor representation of Welsh lakes in the Palmer 
scheme. 

11.The OECD classification scheme also does not effectively reflect the structure of 
integrated biological variation at the training set sites. 

12. The endgroup structure of the integrated classification scheme is sensitive to the 
choice of individual biological groups used for input data. Although some features of 
the classification appear relatively robust ( e.g. the primary division and the site 
grouping at the more alkaline end of the primary environmental gradient), this 
sensitivity highlights the arbitrary nature of site classification when between-site 
variation is continuous along with a strong gradient. 

13. At present, therefore, the wider applicability of the integrated classification 
scheme presented in this report is not recommended. The scheme could be more fully 
evaluated by the use of a test set of additional sites with the same biological and 
physio-chemical measurements as available for the training set lakes. However. the 
key problem is one of classifying sites which lie along a continuous gradient of 
variation, and this might not be resolved without adding many more sites to the 
dataset. 

14. A key finding of the study is that biological variation within all the individual 
groups studied relates most strongly to the primary environmental gradient of low to 
high pH/alkalinity/conductivity/ionic strength/phosphorus. This suggests that for site 
selection for conservation, effective representation of this gradient will result in 
effective representation of integrated biological variation. 

15. A two-tier approach to future lake assessment and classification for conservation 
is therefore recommended. First, initial site assessment and classification using 
physio-chemical parameters representative of the primary environmental gradient (e.g. 
pH, alkalinity, conductivity, total phosphorus, chlorophyll a). Second, more detailed 
biological assessments of sites with atypical physio-chemistry or of particular 
conservation importance. Of all the biological groups studied the aquatic macrophytes 
most clearly reflect the structure of the integrated biological data, and macrophytes arc 
therefore recommended for these biological assessments. 
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Appendix A Species lists 

Diatom taxon list 

AC00IA Achnanthes lanceolata 
AC002A Achnanthes linearis 
AC006A Achnanthes clevei 
AC013A Achnanthes minutissima 
AC0148 Achnanthes austriaca var. minor 
AC014C Achnanthes austriaca var. helvetica 
AC022A Achnanthes marginulata 
AC023A Achnanthes conspicua 
AC035A Aclmanthes pusilla 
AC039A Achnanthes didyma 
AC044A Achnanthes levanderi 
AC046A Achnanthes altaica 
ACl36A Achnanthes subatomoides 
AC9975 Aclmanthes f altaica var. minor] 
AC9999 Achnanthes sp. 
AM0JIA Amphora libyca 
AM012A Amphora pediculus 
AS00IA Asterionella formosa 
AU002A Aulacoseira ambigua 
AU003A Aulacoseira granulata 
AU003B Aulacoseira granulata var. angula 
AU005E Aulacoseira distans var. nivalis 
AU0I0A Aulacoseira perglabra 
AU0I0B Aulacoseira perglabra var. florinia 
AU020A Aulacoseira subarctica 
AU9977 Aulacoseira [sp.2] 
AU9978 Aulacoseira [ sp. l] 
AU9979 Aulacoseira [ cf. lirata var alpigen 
AU9999 Aulacoseira sp. 
BR00IA Brachysira vitrea 
BR006A Brachysira brebissonii 
CC00IA Cyclostephanos dubius 
CC002A Cyclostephanos invisitatus 
CC9997 Cyclostephanos [cf. tholiformis] 
CM004A Cymbella microcephala 
CM006A Cymbella cistula 
CM0I0A Cymbella perpusilla 
CM0l4A Cymbella aequalis 
CM0l5A Cymbella cesatii 
CM0l7A Cymbella hebridica 
CM018A Cymbella gracilis 
CM020A Cymbella gaeumannii 
CM031A Cymbella minuta 
CMI03A Cymbella silesiaca 
CM9999 Cymbella sp. 
CO00IA Cocconeis placentula 
CO00IB Cocconeis placentula var. eu_gl 
CO00IC Cocconeis placentula var. line 
CO00SA Cocconeis pediculus 
CO009A Cocconeis thumensis 
CY002A Cyclotella pseudostelligera 
CY003A Cyclotella meneghiniana var. menegh 
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CY004A Cyclotella stel[igera 
CY007A Cyclotella glornerata 
CY0I0A Cyclotella comensis 
CY019A Cyclotella radiosa 
CY052A Cyclotella rossii 
CY054A Cyclotella krarnrneri 
DE00IA Denticula tenuis 
DT00IA Diatoma elongatum 
DT003B Diatoma vulgare var. grande 
EP00IA Epithemia sorex 
EP007A Epithernia adnata 
EU002A Eunotia pectinalis 
EU002B Eunotia pectinalis var. minor 
EU004A Eunotia tenella 
EU00SA Eunotia monodon 
EU009A Eunotia exi_gua 
EU0JIA Eunotia rhomboidea 
EU0l5A Eunotia denticulata 
EU0l6A Eunotia diodon 
EU032A Eunotia serra var. serra 
EU040A Eunotia paludosa 
EU047A Eunotia incisa 
EU048A Eunotia naegelii 
EU049A Eunotia curvata 
EU051A Eunotia vanheurckii 
EU051B Eunotia vanheurckii var. intermedia 
EU056A Eunotia minutissima 
EUI07A Eunotia implicata 
EU9999 Eunotia sp. 
FR00lA Fragilaria pinnata 
FR002A Fragilaria construens 
FR002B Fragilaria construens var. binodis 
FR002C Fragilaria construens var. venter 
FR005D Fragilaria virescens var. exigua 
FR006A Fragilaria brevistriata 
FR009A Fragilaria capucina 
FR009B Fragilaria capucina var. mesolcpta 
FRO ISA Fragilaria elliptica 
FR0l9A Fragilaria interrnedia 
FR0I9B Fragilaria intermedia 
FR045A Fragilaria parasitica 
FR9991 Fragi laria [ cf. o ldenbur_giana] 
FR9999 Fragilaria sp. 
FU002A Frustulia rhomboides var. rhomboidea 
FU002B Frustulia rhomboides var. saxonica 
FU002F Frustulia rhomboides var. viridula 
GO003A Gornphonema angustatum var. angula 
GO004A Gomphonema gracile 
GO006A Gomphonema acuminatum var. acuminat 
GO0I0A Gornphonema constrictum 
GO0l3A Gomphonema parvulum 
GO050A Gomphonema minutum (Ag.) 
GO9999 Gomphonema sp. 
MR00IA Meridion circulare var. circulare 
NA002A Navicula jaernefeltii 
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NA003A Navicula radiosa 
NA004A Navicula hungarica 
NA005A Navicula seminulum 
NA006A Navicula mediocris 
NA007A Navicula cryptocephala 
NA007B Navicula cryptocephala var. venter 
NA008A Navicula rhyncocephala 
NA013A Navicula pseudoscutiformis 
NA014A Navicula pupula var. pupula 
NA015A Navicula hassiaca 
NA023A Navicula gregaria 
NA030A Navicula menisculus 
NA032A Navicula cocconeiformis var. coccon 
NA037A Navicula angusta 
NA042A Navicula minima 
NA048A Navicula soehrensis var. soehrensis 
NA063A Navicula trivialis 
NA071A Navicula bacillum var. bacillum 
NA084A Navicula atomus 
NA095A Navicula tripunctata 
NA114A Navicula subrotundata 
NA115A Navicula difficillima 
NA135A Navicula tenuicephala 
NAl56A Navicula leptostriata 
NA167A Navicula hoefleri 
NA168A Navicula vitabunda 
NA190A Navicula agrestis 
NA399A Navicula globosa 
NA751A Navicula cryptotenella 
NA9963 Navicula [sp. I J 
NA9999 Navicula sp. 
NE012A Neidium glaberrimum 
NE9999 Neidium sp. 
NI002A Nitzschia fonticola 
NI005A Nitzschia perminuta 
NI008A Nitzschia frustulum 
N1009A Nitzschia palea 
NI014A Nitzschia amphibia 
NIOl5A Nitzschia dissipata 
NIOl 7A Nitzschia gracilis 
NI020B Nitzschia angustata 
Nl025A Nitzschia recta 
NI031A Nitzschia linearis var. linearis 
N1033A Nitzschia paleacea 
NI043A Nitzschia inconspicua 
NI044A Nitzschia intermedia 
Nl196A Nitzschia palaea var. debilis 
Nll98A Nitzschia lacuum 
Nl9955 Nitzschia [sp.1] 
Nl9975 Nitzschia [cf. perminuta] 
Nl9999 Nitzschia sp. 
PE002A Peronia fibula 
PIO! IA Pinnularia microstauron 
Pl015A Pinnularia abaujensis var. abaujens 
PI018A Pinnularia biceps 
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PI022B Pinnularia subcapitata var. hilseana 
PI023A Pinnularia irrorata 
Pl9999 Pinnularia sp. 
RCOOIA Rhoicosphenia curvata 
SAOOIA Stauroneis anceps var. anceps 
SAOOIB Stauroneis anceps f. gracilis 
SP002A Stenopterobia sigmatella 
STOOi A Stephanodiscus hantzschii 
STOIOA Stephanodiscus parvus 
SU005A Surirella linearis 
SU006A Surirella delicatissima 
SYOOIA Synedra ulna 
SY002A Synedra rumpens 
SY003A Synedra acus 
SY009A Synedra nana 
SYOIOA Synedra minuscula 
SYOl5A Synedra tabulata 
TAOOIA Tabellaria flocculosa 
TA004A Tabellaria quadriseptata 
UN9998 Unknown [naviculaceae] 
UN9999 Unknown 

Aquatic macrophyte taxon list (excluding emergents) 

200000 Batrachospermum sp. 
220096 Nitella gracilis 
220097 Nitella opaca 
220098 Nitella flexilis 
220099 Nitella translucens 
229991 Chara vir,gata 
229992 Chara globularis 
229993 Chara contraria 
229994 Chara aspera 
229995 Chara vulgaris 
322900 Drepanocladus sp. 
323401 Fontinalis antipyretica 
323900 Hygrohypnum sp. 
327401 Sphagnum auriculatum 
343701 Nardia compressa 
345410 Scapania undulata 
350301 lsoetes echinospora 
350302 Isoetes lacustris 
361103 Callitriche hamulata 
361104 Callitriche hermaphroditica 
361108 Callitriche stagnalis 
361401 Ceratophyllum demersum 
362401 Elatine hexandra 
362402 Elatine hydropiper 
363201 Hippuris vulgaris 
363901 Littorella uniflora 
364001 Lobelia dortmanna 
365401 Myriophyllum alterniflorum 
365403 Myriophyllum spicatum 
365501 Nuphar lutea 
365601 Nvmphaea alba 
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365701 Nymphoides peltata 
366501 Polyganum amphibium 
366969 Ranunculus aquatilus 
366970 Ranunculus circinatus 
368701 Subularia aquatica 
369600 Utricularia sp. 
382001 Eleocharis acicularis 
382101 Elodea canadensis 
383006 Juncus bulbosus 
383302 Lemna minor 
383303 Lemna polyrhizza 
383304 Lemna trisulca 
383401 Luronium natans 
384003 Potamo_geton berchtoldii 
384006 Potamogeton crispus 
384010 Potamogeton _gramineus 
384011 Potamogeton lucens 
384012 Potamogeton natans 
384014 Potamogeton obtusifolius 
384015 Potamogeton pectinatus 
384016 Potamogeton perfoliatus 
384017 Potamogeton polygonifolius 
384018 Potamogeton praelongus 
384019 Potamogeton pusillus 
384021 Potamogeton trichoides 
384099 Potamogeton x. zizii 
384502 Scirpus tluitans 
384601 Sparganium an_gustifolium 
384602 Sparganium emersum 
384604 Sparganium minimum 
385201 Zannichelia palustris 

Open-water and littoral zooplankton taxon list 

03120000 Tricladida 
08000000 Rotifera 
08050900 Brachyonus sp. 
08051609 Euchlaris triquetra 
08051901 Keratella coch learis 
08051904 Keratella quadrata 
08052101 Kellicottia longispina 
08090000 Trichocerca 
08110800 Asplanchna sp. 
08120000 Polyartha sp. 
08140400 Filinia sp. 
08160200 Conochilus sp. 
24010101 Diaphanosoma brachyurum 
24010301 Sida crystallina 
24020101 Holopedium gibberum 
24030101 Ceriodaphnia dubia 
24030104 Ceriodaphnia pulchella 
24030105 Ceriodaphnia quadrangula 
24030106 Ceriodaphnia reticulata 
24030205 Daphnia hyalina 
24030206 Daphnia galeata 
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24030207 Daphnia longispina 
24030208 Daphnia magna 
24030209 Daphnia obtusa 
240302]0 Daphnia pulex 
24030297 Daphnia hyalina var. galeata 
24030298 Daphnia hyalina var. lacustris 
24030402 Scapholeberis mucronata 
24030501 Simocephalus exspinosus 
24030502 Simocephalus serrulatus 
24030503 Simocephalus vetulus 
24030601 Bosmina longirostris 
24030602 Bosmina longirostris var. cornuta 
24040101 Acantholeberis curvirostris 
24040201 Drepanothrix dentata 
24040401 Lathonura rectirostris 
24040502 Macrothrix laticornis 
24040701 Streblocerus serricaudatus 
24050101 Acroperus harpae 
24050102 Alonopsis elongata 
24050201 Alona affinis 
24050202 Alona costata 
24050203 Alona guttata 
24050206 Alona quadrangularis 
24050207 Alona rectangula 
24050208 Alona rustica 
24050301 Alone Ila excisa 
24050303 Alonella nana 
24050401 Disparalona rostrata 
24050702 Camptocercus rectirostris 
24050804 Chydorus piger 
24050805 Chydorus sphaericus 
24050901 Pseudochydorus globosus 
24051002 Eurycercus lamellatus 
24051101 Graptoleberis testudinaria 
24051401 Monospilus dispar 
24051501 Oxyurella tenuicaudis 
24051601 Pleuroxus truncatus 
24051701 Pleuroxus aduncus 
24051702 Pleuroxus laevis 
24051703 Pleuroxus trigonellus 
24051704 Pleuroxus uncinatus 
24051705 Pleuroxus denticulatus 
24051901 Rhynchotalona falcata 
24059999 Argulus sp. 
24060101 Polyphemus pediculus 
24060201 Bythotrephes longimanus 
24070101 Leptodora kindti 
24111111 Eubosmina longispina 
26020103 Eudiaptomus gracilis 
26020105 Arctodiaptomus laticeps 
26130202 Macrocyclops albidus 
26130403 Eucyclops macruroides 
26130499 Eucylops serrulatus 
2613050! Paracvclops fimbriatus 
26130503 Paracyclops affinis 
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26130701 Cylops strenuus 
26130702 Cyclops abyssorurn 
26130705 Cyclops vicinus 
26130801 Megacylops viridis 
26130888 Megacyclops gigas 
26130899 Acanthocyclops robustus 
26131001 Mesocyclops leuckarti 
26131003 Therrnocyclops dybowskii 

Littoral macroinvertebrate taxon list 

28030101 Asellus aquaticus 
28030104 Asellus meridianus 
28070303 Gamrnarus lacustris 
28070305 Gammarus pulex 
30020000 Baetidae 
30020301 Cloeon dipterum 
30020302 Cloeon simile 
30040100 Leptophlebia sp. 
30070102 Ephemera danica 
30080204 Caenis horaria 
30080206 Caenis luctuosa 
31020401 Nemoura cinerea 
31020404 Nemoura cambrica 
31030103 Leuctra hippopus 
31030104 Leuctra nigra 
31050301 Diura bicaudata 
31070101 Siphonoperla torrentium 
31080101 Siphonoperla torrentium 
32010101 Platycnemis pennipes 
32020000 COENAGRIIDAE 
32020101 Pyrrhosoma nymphula 
32020201 lschnura elegans 
32020301 Enallagma cyathigerum 
32070101 Brachytron pratense 
32070205 Aeshna juncea 
33090101 Notonecta glauca 
33090102 Notonecta viridis 
33100101 Plea leachi 
33110000 Corixidae sp. (immatures) 
33110000 Corixidae sp. 
33110201 Cymatia bonsdorffi 
33110301 Glaenocorixa propingua 
33110301 Glaenocorisa propinqua 
33110401 Callicorixa praeusta 
33110402 Callicorixa wollastoni 
33110501 Corixa dentipes 
33110502 Corixa punctata 
33110504 Corixa panzeri 
33110601 Hesperocorixa linnaei 
33110702 Arctocorisa germari 
33110801 Sigara dorsalis 
33110803 Sigara distincta 
33110804 Sigara falleni 
33110806 Sigara fossarum 
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33110807 Sigara scotti 
33110810 Sigara concinna 
35010000 Haliplidae sp. 
35010301 Haliplus confinis 
35010303 Haliplus Iineatocollis 
35010304 Haliplus ruficollis group 
35010311 Haliplus fluvus 
35010312 Haliplus flavicollis 
35020101 Hygrobia herrnanni 
35030101 Noterus clavicomis 
35030102 Noterus crassicornis 
35030201 Laccophilus rninutus 
35030401 Hyphydrus ovatus 
35030702 Potarnonectes assirnilis 
35030703 Potarnonectes depressus elegans 
35030706 Stictotarsus duodecirnpustulatus 
35030804 Oreodytes sanrnarkii 
35030905 Hydroporus lepidus 
35030907 Hydroporus lineatus 
35031101 Agabus guttatus 
35040601 Hygrotus inaequalis 
35050500 Helophorus sp. 
35110301 Lirnnius volckmari 
35110600 Oulimnius sp. 
35110602 Oulirnnius troglodytes 
35 I 10603 Oulimnius tuberculatus 
36010101 Sialis lutaria 
38030200 Plectrocnemia sp. 
38030300 Polycentropus sp. 
38030301 Polycentropus flavornaculatus 
38030401 Holocentropus dubius 
38030402 Holocentropus picicomis 
38030500 Cymus sp. 
3803050! Cyrnus trirnacu latus 
38040101 Ecnomus tenellus 
38040201 Tinodes waeneri 
38040301 Lype phaeopa 
38040302 Lype reducta 
38060101 Agraylea rnultipunctata 
38060300 Hydroptila sp. 
38060600 Oxyethira sp. 
38070201 Phryganea grandis 
38070400 Agrypnia sp. 
38070403 Agrypnia varia 
38080501 Limnephilus rhornbicus 
38080510 Limnephilus lanatus 
38080523 Limnephilus vittatus 
38081901 Chaetopteryx villosa 
3810030 I Beraeodes minutus 
38120000 Leptoceridae sp. 
38120106 Athripsodes aterrimus 
38120107 Athripsodes cinereus 
38120203 Mvstacides longicornis 
38120301 Triaenodes bicolor 
38120600 Oecetis sp. 
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38130101 Goera pilosa 

38130201 Silo pallipes 

38140201 Lepidostoma hirtum 

38150I01 Sericostoma personatum 

40010000 TIPULIDAE 

40050100 Chaoborus sp. 

40080000 CERA TOPOGONIDAE 

40090000 CHIRONOMIDAE 
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Appendix B Classification using Epilithic diatoms 

B.1 Epilithic diatom TWINSPAN classification 

B. l. l Description of divisions 

The first TWINSPAN division separates site groups 1,2 and 3, from groups 4, 5 and 6. There are marked floristic 
differences between the two sides. Tabe/!aria/locculosa, Eunotia incisa, Achnanthes altaica, Eunotia pectinalis 
var. minor and Frustulia rhomboides var. saxonica are particularly common representatives of groups l ,2 and 3, 
and of these, T. jlocculosa and £. inc is a (also found in lower abundance in group 4) are often the dominant tax a. 
The cosmopolitan species Achnanthes minutissima is particularly abundant in groups 4,5 and 6. The second 
division divides groups l and 2 from group 3 (n=4), largely on the relative abundance of certain taxa rather than 
presence/absence. Eunotia rhomboidea and £. incisa are consistent representatives of groups I and 2, while 
Nitzschia perminuta tends to be more frequent in group 3. Division three distinguishes the end group 6 (n=2) from 
groups 4 and 5, Navicula Cl)'ptocephala being notably absent and Cocconeis placent11/a particularly abundant in 
group 6. End groups I (n=7) and 2 (n=5) are formed by division four, again largely as a result of the differing 
balance in relative abundance oftaxa; E.rhomboidea and£. incisa are more abundant in group I, while Brachysira 
vitrea and Aclmanthes minutissima are more abundant in group 2. Division six forms the end groups 4 (n=8) and 
5 (n=5), Amphora pediculus being common in all group 5 sites. 

B.1.2 Description of end groups 

Group 1: 
Sites: Llyn Bugeilyn, Llyn Gynon, Llyn Hir, Llynnoedd !euan, Llyn Llech Owain, Llyn Alwen, Llyn Llagi 
Dominants: Eunotia incisa 
Other characteristic taxa: Eunotia rhomhoidea, Tabet/aria jlocc11/osa, Frustulia rhomboides var. scv:onica 
Environmental characteristics: upland, rocky littoral, pH <5.6 (nb. the seven most acid sites in the data-set), 
alkalinity <20 µeq r1

, TP <50 µg r1, nitrate <l 50 µg r1
, Ca <200 µeq r1, Mn >40 µg r1

, Fe >20 fig r1
• 

Group 2: 
Sites: Llyn Cwellyn, Llyn Glanmerin, Llynnau Mymbyr, Llyn Gloyw, Llyn Cau 
Characteristic taxa: Tabellariajlocculosa, Brachysira vitrea, Achnanthes minutissima 
Environmental characteristics: upland, boulder/gravel littoral, pl-I 5.5-6.5, alkalinity 10-100 ~1eq r1

, TP <20µg r 1
, 

nitrate <250 µg r 1
, Ca <200 ~teq r1

, DOC <3 mg r 1
, chlorophyll a <3 mg r 1 

Group 3: 
Sites: Llyn ldwal, Llyn Eiddwen, Llyn Fach, Llyn y Fan Fawr 
Dominants: Achnanthes minutissima 
Other characteristic taxa: Tahellaria jlocculosa, Nitzschia perminuta, Brachysira vitrea, Fragilaria intermedia 
Environmental characteristics: upland (>300 m altitude), pH 6.0-7.0, alkalinity 50-100 ~1eq 1"1, TP <20~1g r 1

, 

nitrate <250 ~lg r 1
, Ca 100-200 ~teq r 1

, Mn <50 ~lg r 1
, Fe <100 µg r 1 

Group 4: 
Sites: Llyn Fanod, Llyn Maesllyn, Upper Talley Lake, Lower Talley Lake, Llanbwchllyn, Llyn Tegid, Llyn 
Glasfryn, Llyn yr Wyth Eidion 
Dominants: Achnanthes minutissima 
Other characteristic taxa: Navic11/a ctyptocephala 
Environmental characteristics: emergent and floating leaved macrophyte stands at least frequent, pH 6.0-8.0, 
alkalinity >50 µeq r1

, TP >JOµg r1
, Ca >200 µeq r1, DOC >3 mg r1 

Group 5: 
Sites: Llyn Coron, Llyn Dinam, Llyn Penrhyn, Kenfig Pool, Llangorse Lake 
Dominants: Amphora pediculus 
Other characteristic taxa: Achnanthes minutissima, Fragilaria intermedia, Cocconeis placentu!a 
Environmental characteristics: Lowland, ,mainly coastal (with exception of Llangorse Lake), emergent and 
floating leaved macrophyte stands at least frequent, pH >7.5, alkalinity 1500-2500 tteq r1

, TP >20tig r1
, Ca 

>1500 ~1eq r 1
, chlorophyll >3 mg r1

, DOC >5 mg r 1 
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Group 6: 
Sites: Hanmer Mere, Llyn Rhos Ddu 
Dominants: Cocconeis placentula 
Other characteristic taxa: Achnanthes minutissima, Nit:::schia paleacea, Gomphonema pan 111!um, Navicula 
Ctyptotenella 
Environmental characteristics: lowland, emergent and floating leaved macrophyte stands at least frequent, pH 
>7.5, alkalinity >1000 µeq r1

, TP >20µg r1
, Ca >1500 µeq r1, DOC >5 mgr'. 

B.1.3 Summary of end group environmental characteristics 

The composition of the six TWINSPAN site groups appear to reflect differences in pH/alkalinity and related 
variables. Sites in groups 1, 2 and 3 range from very acid to circumneutral, group I having the most extreme sites 
(all with alkalinity <20 ~teq r1

), and group 3 containing more circumneutral sites with alkalinity between 50 and 
I 00 µeq r1

• Group 4 is generally an intermediate class (although it does contain Llyn yr Wyth Eid ion, the most 
alkaline site in the dataset) with a range of pH either side of 7 and moderate levels of TP. Group 5 and group 6 
sites are richer in TP and represent the upper end of the alkalinity gradient. The floristic differences between the 
two groups most likely reflect the diatom substrate sampled, Hanmer Mere and Llyn Rhos Ddu (group 6) 
consisting of epiphytic samples rather than the true epilithon. 
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B.2 Epilithic diatom COINSPAN classification 

B.2.1 Results of CCA forward selection 

Variables selected Variance p Bonferroni required 
added significance 

pH 0.72 0.001 0.050 
Total phosphorus (TP) 0.32 0.004 0.025 
Soluble labile aluminium 0.29 0.003 0.017 
TOT AL VARIAN CE 5.80 
% of total variance explained by selected variables= 22.9 

B.2.2 Description of divisions 

The first COINSPAN division separates groups 1, 2, 3 and 4 from groups 5 and 6. Sites in the former cluster arc 
characterised by Tabel/aria flocculosa, Eunotia inc is a, and Brachysira vitrea. Sites in the remaining groups have 
fewer consistently representative taxa although Amphora pediculus and Cocconeis placentula are usually present 
and mostly confined to this side of the division. The second division distinguishes sites in groups l and 2 
( characterised by Eunotia taxa including E. incisa, E. rhomhoidea and E. exigua) from groups 3 and 4 in which 
these taxa are often rare or absent and in which Achnanthes minutisimma is often dominant. The third division 
results in the end groups 5 (n=7) and 6 (n 5). The distinction between the species composition of the two groups 
is weak although group 5 sites are more likely to be represented by Fragilaria pinnata, Nit::schia fimticola, 
Navicula semin11!11m and Navicula cryptocephela, whereas Nit::schia paleacea is a more abundant and consistent 
member of sites in group 6. Division four creates end groups I (n = 6) and 2 (n 5). Group I sites generally have 
generally higher abundances of E. rhomboidea, E. incisa and Frustulia rhomhoides var. viridula, while T 
flocculosa, B. vitrea, A. minutissima and Peronia fibula are more abundant in group 2 sites. The fifth division 
results in the end groups 3 (n=5), sites within which have a diverse range of acidophilous to circumncutral taxa, 
and 4 (n = 3), in which many of the acidophilous taxa such as a Fragilaria virescens var. exigua, and a number of 
Eunotia species are rare or absent. 

B.2.3 Description of end groups 

Group I 
Sites: Llyn Bugeilyn, Llyn Hir, Llynnoedd leuan, Llyn Llech Owain, Llyn Alwen, Llyn Llagi 
Dominants: Eunotia incisa 
Other characteristic taxa: Tabel!aria jloc:culosa, Eunotia rhomboidea, E. exigua, Frustulia rhomhoides var. 
viridula, F. rhomboides var. saxonica 
Environmental characteristics: Upland (>200 m altitude), rocky isoetid dominated littoral, pH <5.6, alkalinity <20 
µeq r1

, TP <50 µg r1, nitrate <150 ~teq r1
, Ca <200 µeq r1, Mn >40 µg r1

, Fe >50 µcq i-1
, soluble labile 

aluminium 5-60 µg r1 

Group 2 
Sites: Llyn Cwellyn, Llyn Gynon, Llynnau Mymbyr, Gloyw Llyn, Llyn Cau 
Dominants: Tabet/aria jloccu!osa 
Other characteristic taxa: Eunotia rhomboidea, E. incisa, E. exigua, Achnanthes altaica, A. minutissima, f'eronia 
fibula, Brachysira vitrea 
Environmental characteristics: Upland (>100 m altitude), rocky isoctid dominated littoral, pH 5.4-6.5, alkalinity 
10-50 µeq r 1

, TP <10 ~tg r 1
, nitrate <200 ~teq r 1

, Ca 50-100 ~teq r 1
, chlorophyll a <3 ~tq r 1

, Mn <30 ~lg 1'1, Fe 
<200 ~tg r1, soluble labile aluminium <IO µg r1

• DOC <4 mg r1 

Group 3 
Sites: Llyn ldwal, Llyn Eiddwen, Llyn Glanmerin, Llyn Fach, Llyn y Fan Fawr 
Dominants: Achnanthes minutissima 
Other characteristic taxa: Tabellariajloccu/osa, Brachysira vitrea, Nil::schia perminuta 
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Environmental characteristics: Upland (> I 50 m altitude), pH 6.2-6.8, alkalinity 50· 100 ~teq r', TP 5-20 µg r', 
nitrate 50-150 ~tg r1

, Ca 100-200 µeq r1
, chlorophyll a <10 µeq r1

, Mn <50 ~tg r', soluble labile aluminium <10 
~teq r 1

, DOC <6 mg r 1 

Group 4 
Sites: Llyn Fanod, Maesllyn, Lower Talley Lake 
Dominants: Achnanthes minutissima 
Other characteristic taxa: Fragilaria intermedia , Brachysira vitrea, Nitzschia fh1s111/11m, Cyc!otel!a stelligera, 
Navicula cryptocepha!a, Gomphonema pan,a/11111 
Environmental characteristics: pH 6.5-7.5, alkalinity I 00-500 ~1eq r1, TP 20-100 ~1g r1

, nitrate l 00-500 ~tg r', Ca 
100-700 µeq r 1

, chlorophyll a>3 µg r 1
, Fe l00-300 ~lg r 1

, DOC 3-6 mg r 1 

Group 5 
Sites: Llyn Dinam, Upper Talley Lake, Kenfig Pool, Llangorse Lake, Llyn Tegid, Llanbwchllyn, Llyn yr Wyth 
Eidion 
Dominants: Achnanthes minutissima 
Other characteristic taxa: Navicula cryptocephala, Amphora pediculus (except Upper Talley Lake), Cocconeis 
placentula, Nitzschiafonticola ( except Llanbwchllyn) 
Unusual sites: Llanbwchllyn for reasons above 
Environmental characteristics: pH 6.0-8.0, alkalinity >50 µeq r1, TP I 0-150 pg r1

, Ca >200 peq r1
, chlorophyll a 

4- l 5 ~1eq r 1
, Fe <200 ~tg r 1

, soluble labile aluminium <5 pg r 1 

Group 6 
Sites: Llyn Coron, Llyn Penrhyn, Hanmer Mere, Llyn Rhos Ddu, Llyn Glasfryn 
Characteristic taxa: Achnanthes minutissima, Cocconeis placentu/a, Nitzschia paleacea (except Llyn Coron) 
Environmental characteristics: Lowland ( <l 00m altitude), silty littoral, noating leaved and emergent macrophyte 
stands at least in places, pH >6.5, alkalinity >400 ~1eq r 1

, TP >40 pg r 1
, Ca 400-2500 peq r 1

, chlorophyll a >3 µg 
r1

, Mn >20 µg r1
, Fe >50 ~1g r1, soluble labile aluminium <l0 µgr', DOC >6 mgr' 

B.2.4 Summary of end group environmental characteristics 

A clear alkalinity/pH gradient is evident across the site groups. Sites in groups 1-4 are particularly tightly 
constrained, with pH ranges of <5.6, 5.4-6.5, 6.2-6.8, and 6.5-7.5 respectively. The relationship between 
alkalinity/pH and species composition is less well defined for sites in groups 5 and 6 which span from weakly acid 
to strongly alkaline. Group 6 sites generally occupy the extreme alkaline end of the gradient although Llyn yr 
Wyth Eidion (the most alkaline site in the dataset) is placed in group 5. Groups 2, 3, 4, 5 and 6 renect a gradation 
in TP concentration. Group I sites are mostly phosphorous poor with the exception of the peat innuenced site Llyn 
Llech Owain, which has intermediate TP levels for the dataset as a whole. Group 6 sites include those with the four 
highest TP concentrations, and of these the levels in Llyn Penrhyn and Hanmer Mere are almost an order of 
magnitude higher than all other sites. Although soluble labile aluminium levels are low for most sites, some group 
I sites (the most acid group) exhibit considerably higher levels, whereas those in group 5 are particularly low if not 
below the detection limit. 
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Figure B.1 TWINSP AN dendrogram for the epilithic diatom data 
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Dominants: Fragilaria virescens var. exigua, Aclmanthes minutissima 
Other characteristic taxa: Brachysira vitrea, (r111bel!a gracilis, E1111utia incisa 
Environmental characteristics: upland l 50 m altitude), isoetid dominated littoral, pH 6.4-6.8, alkalinity 30-100 
µcq r 1

• TP 5-20 µg r 1
, nitrate <200 µg r1

, Ca 80-200 µcq 1"1, chlorophyll a <IO ~tg 1"1, soluble labile aluminium 
10 µg 1"1, DOC <6 mg r1 

Group 4 
Sites: Llyn y Fan Fawr, Llyn Cau 
Dominants: Cyclotella come11sis 
Other characteristic taxa: Achna11thes minulissima, Tabellaria.flocculosa, Brachysira vilrea, Fragilaria virescens 
var. exigua, C~vmbe/la graci/is, Synedra acus 
Environmental characteristics: high upland (470-610111 altitude), maximum depth 20-47 m, rocky littoral, pH 5.8-
6.6, alkalinity I 0-90 µeq r1

, TP <Io µg 1"1, nitrate 50-200 µg r1
, Ca 80-200 ~Leq r1

, chlorophyll a <4 µg r1, Mn <5 
µg r 1

, Fe <20 µg 1"1, soluble labile aluminium <I ~Lg 1·1, DOC <2 mg r 1 

Group 5 
Site: Llyn Tcgid 
Dominants: Asterione//aformosa 
Other abundant taxa: Au/acoseira subarctica, Achnanthes minutissima, C:vclote/la glomerata 
Environmental characteristics: altitude 160111, maximum depth 43 m, rocky isoctid dominated littoral, pH 6.4, 
alkalinity 75 µeq 1·1, TP 13 µg 1"1, nitratc453 µg 1"1, Ca 191 µcq r 1

, chlorophyll a 7 µg r 1
, Mn 6 µg 1"1, Fe 63 µg I" 

1
, soluble labile aluminium 4 µg 1"1, DOC 4 mg r 1 

Group 6 
Sites: Maesllyn, Upper Talley Lake, Lower Talley Lake, Llyn Glasfryn, Llyn Rhos Ddu 
Characteristic taxa: Achnanthes minutissima, Fragilaria intermedia, Gomphonema parva/11111 
Environmental characteristics: <200111 altitude, floating leaved and emergent macrophyte stands at least in places, 
pl I >6.5, alkalinity >300 µcq 1"1, TP 40-150 µg 1"1, Ca >400 µcq rt, chlorophyll a> IO µg 1"1, Fe> l 80 µg r1, DOC 
>3 mg 1"1 

Group 7 
Sites: Llyn Coron, Llyn Dinam, Kcnfig Pool, Llanbwchllyn, Llyn yr Wyth Eidion 
Characteristic taxa: Achnantlzes minutissima, Fragi/aria construens var. venter, Fragilaria el/iplica, Amphora 
pediculus, Asterionel/aformosa, Cocconeis placentula, Nit:::sclzia dissipata 
Environmental characteristics: mainly coastal (sea level) with the exception of Llanbwchllyn, floating leaved and 
emergent macrophytc stands al least in places, pH >7.5, alkalinity> l 000 µeq r1, TP >IO µg r1, Ca> 1500 µeq r1

, 

chlorophyll a 4-25 µg 1"1, soluble labile aluminium <4 µg 1"1, DOC >4 mg 1"1 

Group 8 
Sites: Llyn Pcnrhyn, Llangorse Lake, Hanmer Mere 
Dominants: Stephanodiscus parvus 
Other characteristic taxa: Fragilaria brevistriata, Cocconeis placentu/a, Fragilaria elliptica, Cyclostephanos [ cf. 
tho/iformis] 
Environmental characteristics: <200 m altitude, tloating leaved and emergent rnacrophyte stands at least in places, 
pH >7.5. alkalinity 1500-2500 ~Leq r1

, TP >100 ~Lg 1"1, nitrate >100 µg r1, Ca 1500 ~Lcq r1
, chlorophyll a4-l5 µg 

1"1, soluble labile aluminium 1 µg rt, DOC >5 mg rt 

C.2.4 Summary of end group environmental characteristics 

The first five COINSPAN site groupings are identical to those of the surface sediment diatom TWINSPAN 
classification, emphasising the strong relationship between the diatom assemblages and selected environmental 
variables (sec 8.2. l ). Group I is characterised by very acid upland sites, with high concentrations of soluble labile 
aluminium soluble iron and dissolved organic carbon (DOC) derived from catchment soils. TP concentrations at 
the group I sites are intermediate for the dataset as a whole, but elevated in comparison with other acid sites in the 
training set. Group 2 sites are also very acid and occur in the uplands, but have lower levels of DOC and TP and 
generally lower levels of soluble labile aluminium. Sites in group 3 are mildly acid upland sites with significant 
alkalinity and slightly elevated chlorophyll a concentrations. Group 4 sites cover a similar pH/alkalinity range to 
sites in group 3, but occur at significantly higher altitude, are deeper and have low DOC and soluble iron 
concentrations. The only group 5 site (Llyn Tegid) generally exhibits intermediate chemical and physical 
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characteristics. Group 6 sites range from slightly acid to moderately alkaline, with relatively high levels of TP and 
consistently high concentrations of soluble iron and chlorophyll a. Sites in group 7 have high pH and alkalinity and 
high TP concentrations. Group 8 sites also have high alkalinity, but contain the sites with the highest TP 
concentrations in the training set. 
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Figure C.I TWINSPAN demlrogrnm for the surface sediment diatom data 
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Figure C.2 COlNSPAN dendrngram for the surface sediment diatom data 
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Appendix D Classification using aquatic macrophytes (submerged and floating leaved taxa only) 

D. l Aquatic macrophyte TWINSPAN classification 

D. l.I Description of divisions 

The first TWINSPAN division differentiates between groups l, 2 and 3 and groups 4, 5, and 6. The former arc 
dominated by the isoetid taxa, lsoetes lacustris, Lohelia dortmanna, and Litt ore/la uniflora (although L. uni/lora is 
not unique to this side of the division). Groups 4, 5 and 6 exhibit a more diverse range of communities with few 
constant taxa, although Nymphaea a/ha, Nuphar lutea and Polyganum amphibium are frequent members. The 
second division isolates the end group 3 (n 4) from groups I and 2. Juncus bulhosus var. jluitans and the 
bryophyte Sphagnum auriculatum, which are frequent representatives of groups 1 and 2, are absent from group 3. 
The charophyte Nitella translucens which is also unique to group 3. Division three distinguishes between the end 
group 4 (n = 7), dominated by Nuphar lutea and also represented by Nymphaea a/ha, !vfvriophyl/11111 a/terniflorum. 
Potamogeton herchto!dii and Potamogeton obtusifoi!us, from sites in groups 5 and 6 where P. obtusiji1/i11s is 
absent and Po(vganum amphibium is usually present. Division five creates the end groups l (n 11) and 2 (n 2). 
Littorella uniflora is absent from group 2 but is a constant representative of group I. The charophyte Nitel!a 
Jlexilis occurs in both group 2 sites but is generally absent from sites in group l. The seventh division divides the 
floristically impoverished end group 5 (n=3), dominated by floating leaved stands of N.!utea and N. alba from 
group 6 (n 7) , where !'. amphihium is the only constant representative and Ceratophyllum demersum, 
Potamogeton pusil!us and Zanniche!ia palustris are frequent members. Four of the five Chara species in the 
dataset (C. globularis, C. contraria, C. asperci, and C. vu/garis) are confined to sites in group 6. 

D.1.2 Description of end groups 

Group I 
Sites: Llyn Iclwal, Llyn Cwellyn, Llyn Bugeilyn, Llyn Gynon, Llyn Hir, Llynnoedd feuan. Llyn Alwen, Llynnau 
Mymbyr, Gloyw Llyn, Llyn Cau, Llyn Llagi 
Dominants: lsoetes lacustris (except Llyn Bugeilyn), Lilfore!!a uni/lora 
Other characteristic taxa: Juncus hulbosus var.jluitans, Lohelia dortmanna 
Unusual sites: Llyn Bugeilyn clue to absence of /. larnstris and L. dortmanna 
Environmental characteristics: upland, rocky littoral, pH <6.7 alkalinity <70 ~teq i-1

, conductivity< 50 ~tS cni' 1
, TP 

<20~tg r1, nitrate <200µg r1
, Ca <100 ~teq r1

, chlorophyll <3 mg r1
, DOC <5 mg i-1

• 

Group 2 
Sites: Llyn Glanmerin, Llyn Fach 
Characteristic taxa: !soetes species(/. /acustris in Llyn Glanmerin, /. echinospora in Llyn Fach), Juncus !Jfl!ho.1·11.1· 
var. jluitans, Sphagnum auric11/at11111, A{vriophyllum a!terniflorum, Nitella jlexilis var. Jlexi!is, Sparganium 
angustifolium, Potamogeton natans 
Environmental characteristics: upland, rocky littoral. pH 6.2-6.5, alkalinity 90- I 00 µeq r1

, conductivity 60-70, TP 
10-15 µg r1

, nitrate l00-l50Jtg r', Ca 150-200 µg r1, chlorophyll a 3-10 mg r1
, DOC 3-7 mg r 1 

Group 3 
Sites: Llyn Eiddwen, Llyn Fanocl, Llyn y Fan Fawr, Llyn Tegicl 
Characteristic taxa: !soetes lacustris, Fontinalis antipyretica, Littorelfa uni/lora 
Environmental characteristics: upland, pH 6.4-6.8, alkalinity 7Y 110 µeq r1

, conductivity 30-60 ~tS cm·', TP I 0-
20 ~tg r', Ca 160-200 ~tg r'. chlorophyll a 3-10 mgr', DOC 2-6 mgr' 

Group 4 
Sites: Maesllyn, Upper Talley Lake, Lower Talley Lake, Llyn Glasfryn 
Dominants: Nuphar lutea 
Other characteristic taxa: Potamogeton obtusifolius, Potamogeton berchtoldii (abundant at three sites) 
Unusual sites: Llyn Glasfryn due to absence of P. berchtoldii and !v~vriophyl!um a!terni/lorum 
Environmental characteristics: silty littoral, pH 6.7-7.3, alkalinity 300-600 f1eq r', conductivity 90-130 µS cm·'. 
TP 50-150 µg r1, Ca 400-500 µeq rI, chlorophyll a> IO fig 1'1 

, soluble Fe> I 50 ftg r'. DOC >3 mg 1"1 

Group 5 
Sites: Llyn Llech Owain, Llanbwchllyn, Llyn yr Wyth Eidion 
Characteristic taxa: Nymphaea a/ha, Nuphar !111ea 
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Environmental characteristics: silty littoral, TP I 0-50 µg r 1
, nitrate > I 00 µg 1"1 

mg r1
, DOC >4 mgr' 

Group 6 

>150 µg r1
• chlorophyll a >4 

Sites: Llyn Coron, Llyn Dinam, Llyn Penrhyn, Kenfig Pool, Llangorse Lake, Hanmer Mere, Llyn Rhos Ddu 
Characteristic taxa: Polyganum amphibium, Ceratophy/111111 demersum, Potamogeton pusi!lus (except Llyn 
Coron), Zannichelia pa/ustris (except Llyn Dinam and Llyn Rhos Ddu) 
Environmental characteristics: lowland, coastal, silty littoral and emergent macrophyte stands at least in places. pl I 
>7.5, alkalinity >1500 ~teq r1, TP >30 µg r1

, Ca 1500-2700 µeq r', chlorophyll 4-25 µg r 1
• DOC >5 mg r 1 

D.1.3 Summary of end group environmental characteristics 

With the exception of group 5, the TWINSPAN groupings lie on a well defined gradient of pH/alkalinity and 
related variables. Group I contains the least alkaline sites which are also of low conductivity and low chlorophyll a 
concentration. Groups 2 and 3 both contain sites or slightly higher alkalinity, and pH between 6 and 7, and can be 
differentiated by the lower conductivity of the group 3 sites. Group 4 sites are of significantly higher alkalinity, 
close to neutral pH, and exhibit the most extreme chlorophyll a and soluble iron concentrations. Group 6 is 
characterised the highest values of alkalinity and pH, and includes sites with the highest TP concentrations as well 
as some with more intermediate levels. Group 5 contains three species poor sites which are dominated by Nuphar 
lutea and Nymphaea alba and have few environmental characteristics in common (pH and alkalinity range from 
5.0 - 7.9 and O - 4000 µeq r' respectively) although all three are characterised by silty littoral habitats and 
intermediate TP concentrations. 
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D.2 Aquatic macrophyte COINSPAN classification 

6.2.1 Results of CCA forward selection 

Variables selected Variance 
added 

Alkalinity 0.63 
Conductivity 0.19 
Chlorophyll a 0.17 
TOT AL VARIAN CE 3.70 

p Bonferroni 
significance 

0.001 0.05 
0.008 0.25 
0.013 0.13 

% of total variance explained by selected variables = 26.8 

D.2.2 Description of divisions 

required 

The first COINSPAN division separates groups I, 2 and 3, most sites within which are characterised by Littorel!a 
uniflora, Lobelia dortmanna and lsoetes lacustris, from groups 4, 5, and 6 in which sites are often represented by 
the floating leaved species Nymphaea alba, Nuphar h1tea and !'olyganum amphihium. Division two isolates the 
end group 4 (n 4) in which sites tend to be relatively species poor and N. lutea and N. a/ha are the only constant 
taxa, from the more species rich sites in groups 5 and 6. Division three separates group 3 (n = 4) from groups I 
and 2. Group 3 sites share many floristic characteristics with groups l and 2, but lack .Juncus hulhosus var.jluitans 
which is otherwise common. Division four differentiates between sites in group 5 (n 5), characterised by N. 
lutea, and one or both of Potamogeton obtusifolius and !v!yriophyl/11111 a/terniflorum, from sites in group 6 (n 5) 
where P. amphibium is constant and Potamogeton pusillus, Ceratophyllum demersum and Ran1111c11!11s circinatus 
are also usually present. The latter species is unique to this group. Division five distinguishes between sites in 
group l (n 5) and 2 (n = 8). Group l sites are more likely to contain Myriophy!lum a/ternijlorum, Callitriche 
hamu!ata, Potamogeton natans and Subularia aquatica. 

D.2.3 Description of end groups 

Group I 
Sites: Llyn Bugeilyn, Llynnoedd leuan, Gloyw Llyn, Llyn Cau, Llyn Llagi 
Dominants: littorella unijlora 
Other characteristic taxa: lsoetes lacustris (except Llyn Bugeilyn), .Juncus h11/bos11s var. jluirans (except Gloyw 
Llyn) 
Unusual sites: Llyn Bugeilyn and Gloyw Llyn for reasons above 
Environmental characteristics: high upland (>350 m altitude), rocky littoral, pH <6.0, alkalinity <30 ~teq !"1

, 

conductivity <50 ~IS cm-1, TP <20 ~lg r 1
, Ca <90 ~teq r 1

, chlorophyll a <5 µg r 1
, DOC <5 mg r 1 

Group 2 
Sites: Llyn ldwal, Llyn Cwellyn, Llyn Fanod, Llyn Glanmerin, Llyn Gynon, Llyn Hir, Llyn Fach, Llynnau Mymbyr 
Dominants: lsoetes lacustris (except Llyn Fach - /. echinospora dominant) 
Other characteristic taxa: Lobelia dortmanna (except Llyn Glanmerin), .Juncus h11/hos11s var.jluitans (except Llyn 
Fanod), Myriophyllum altern(florum (except Llyn Eiddwen), Sparganium angustifolium (except Llyn Cwellyn) 
Environmental characteristics: upland (>150 m altitude), pH 5.4-6.8, alkalinity 10-110 µeq r1

, conductivity 30 - 70 
µS cm-1

, TP 5 - 20 µg r1, nitrate 40-200 ~tg r1, Ca 60-200 µeq r1
, chlorophyll a 1-3 ~tg i-1

, soluble labile 
aluminium <JO ~Lg r1, DOC <6 mg r1 

Group 3 
Sites: Llyn Eiddwen, Llyn y Fan Fawr, Llyn Tegid, Llyn Alwen 
Characteristic taxa: lit/ore/la unijlora, Fonlinalis antipyretica, Jsoetes /ac11stris 
Environmental characteristics: upland (> l 50 m altitude), pH <6.6, alkalinity <I 00 ~1eq r 1

, conductivity 30-60 ~tS 
cm-1

, TP 10-20 µg r1, Ca 50-200 ~teq r1
, chlorophyll a 3-10 µeq r1

, DOC <6 mg r1 

Group 4 
Sites: Llyn Penrhyn, Llyn Llech Owain, Hanmer Mere, Llyn yr Wyth Eidion 
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Dominants: Nuphar lutea 
Other characteristic taxa: Nymphaea alba 
Unusual sites: :Llyn Llech Owain due to presence of several species more associated with groups 1-3 ( e.g. 
Sphagnum auricu!atum, .Junc11s bulhosus var. fluitans, Potamogeton po~vgonilolius), and the absence of 
Potamogeton pus illus 
Environmental characteristics: silty littoral, conductivity >70 µS cm·1

, TP >20 ~tg r 1
, Ca> 150 ~teq r 1

, chlorophyll 
a >4 µg r1, DOC >7 mg r1 

Group 5 
Sites: Maesllyn, Upper Talley Lake, Lower Talley Lake, Llanbwchllyn, Llyn Glasfryn 
Characteristic taxa: Nuphar lutea, Nymphaea alba (except Maesllyn), Potamogeton berchtoldii (except Llyn 
Glasfryn), Potamogeton obtusifolius (except Llanbwchllyn), 
Potamogeton obtusifolius + Myriophy!lum alterniflorum (except Llyn Glasfryn) 
Environmental characteristics: silty littoral, emergent macrophyte stands at least in places, pH 6.7-7.5, alkalinity 
300-1400 µeq r1, conductivity 90-220 µS cm·1

, TP 30-150 µg r1
, Ca 400-2000 ~teq r1

, chlorophyll a >10 µg r1
, 

soluble labile aluminium <5 µg r 1
, DOC >3 mg r 1 

Group 6 
Sites: Llyn Coron, Llyn Dinam, Kenfig Pool, Llangorse Lake, Llyn Rhos Ddu 
Characteristic taxa: Polyganum amphihium, Ceratophyl/11111 demersum, Potamogeton pusi!lus (except Llyn 
Coron), Ranunculus circinatus (except Llyn Dinam) 
Environmental characteristics: silty littoral, emergent macrophyte stands at least in places, pH >7.8, alkalinity 
1500-2500 µeq r1, conductivity 300-400 ~tS cm·1

• TP 30-160 µg r1
, Ca 1500-2700 ~teq r1

, chlorophyll a 8-25 µgr 
1
, DOC 5-9 mg r1 

D.2.4 Summary of end group environmental characteristics 

Groups 1,2,3 represent sites of below neutral pH, low to very low alkalinity and conductivity, and low TP. Group 
l generally contains the least alkaline sites, all with a mean pH below 6.0, and these also tend to have the lowest 
TP concentrations and low chlorophyll a concentrations. Group 2 sites are generally less acid with slightly higher 
conductivity but similarly low chlorophyll a levels. Three of the four group 3 sites are only mildly acid, but the 
group also includes Llyn Alwen (the most acid site in the dataset). However all group 3 sites are characterised by 
intermediate concentrations of chlorophyll a. With the exception of the acidic Llyn Llech Owain (group 4 ), groups 
4, 5 and 6 represent sites of pH 6.5 and above, with moderate to high alkalinity and TP. Excluding the most 
alkaline site in the dataset, Llyn yr Wyth Eidion (group 4), group 6 sites occupy the high end of the alkalinity 
gradient, but cover a range of moderate to high TP. Group 5 sites show less extreme alkalinity but tend to have 
the highest chlorophyll a concentrations. The four sites in group 4 exhibit a large alkalinity range, but all have high 
concentrations of DOC and at least moderate levels ofTP. 
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Figure D.1 TWINSPAN dcudrogrnm for the aquatic macrophytc data 
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Figure D.2 
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Appendix E Classification using littoral Cladoccra 

E.l Littoral Cladoccra TWINSPAN classification 

E.1. l Description of divisions 

The first TWINSPAN division separates site groups l, 2 and 3 (n= 18), characterised by Chydorus piger and 
abundant Alonopsis e!ongata, from groups 4, 5 and 6 (n 13 ), in which these species are absent. The second 
division separates groups 1 and 2 (n=l3) from group 3 (n=5), the most distinctive difference being the presence 
ofA!onella excisa and/or Eubosmina longispina in groups l and 2. An outlier, is identified by division three which 
isolates Llanbwchllyn (Group 6) from groups 4 and 5, the former site having an extremely impoverished fauna. 
Division four divides two end groups ( 1 and 2), the chief difference being the presence of Alona afjinis and/or 
Diaphanosoma brachyurum in group 2. Division six separates the relatively diverse group 5 from group 4. 
Daphnia hyalina and Pleuroxus aduncus are the most consistent members of group 5 sites. and Chydorus 
sphaericus tends to be more abundant in these than in group 4 sites. 

E. 1.2 Description of end groups 

Group 1 
Sites: Llyn Eiddwen, Llyn Gynon, Llyn Hir, Llynnoedd leuan, Gloyw Llyn and Llyn Cau 
Dominants: Alonopsis elongara 
Other characteristic taxa: Acroperus harpae, Ewycercus lame!!atus, Eubosmina longispina 
Unusual sites: Llyn Eiddwen due to high abundance of Alona afjinis 
Environmental characteristics: upland (>300 m altitude), rocky isoetid dominated littoral, pH <7.0, alkalinity !00 
~Leq r 1

, TP <30 ~tg r 1
, Ca <200 µeq 1"1 

Group 2 
Sites: Llyn ldwal, Llyn Cwellyn, Bugeilyn, Llyn Fach, Llyn Alwen, Llyn Tegid, Llyn Mymbyr 
Dominants: A!onopsis e!ongata (absent from Llyn Fach) 
Other characteristic taxa: Alone/la excisa, Eubosmina !ongispina, Alona afjinis, Chydorus sphaericus 
Environmental characteristics: upland (> I 50 m altitude), rocky isoetid dominated littoral, pH <7 .0, alkalinity 
< 100 ~teq r1, TP <30µg r1

, Ca <200 Feq r1 

Group 3 
Sites: Llyn Fanod, Llyn Glanmerin, Llyn Llech Owain, Llyn Fan Fawr, Llyn Llagi 
Dominants: Diaphanosoma brachyurum 
Other characteristic taxa: Graptoleberis testudinaria (in low abundance, absent from Llyn Fanod) 
Unusual sites: Llyn Glanmerin due to high abundance of Ceriodaphnia quadrangula 
Environmental characteristics: upland (>150 m altitude), pH <7, alkalinity <JOO ~teq r 1

, TP <60pg 1"1, Ca <:200 
µeq r1 

Group 4 
Sites: Maesllyn, Upper Talley Lake, Lower Talley Lake, Ken fig Pool, Llangorse Lake 
Characteristic taxa: Ewycercus Iamellatus, Alona a/finis (absent from Upper Talley Lake), Chydoms sphaericus 
Environmental characteristics: <200111 altitude, emergent macrophytes at least in places, pH >6.5, alkalinity 300-
2500 µeq r1

, TP >20 µg r1
, Ca >250 ~teq r1, chlorophyll a> 1 0~tg r1 

Group 5 
Sites: Llyn Coron, Llyn Dinam, Llyn Penrhyn, Hanmer Mere, Llyn Glasfryn, Llyn Rhos Dclu, Llyn yr Wyth Eidion 
Dominants: Ew:vcercus lamellatus, Chydorus sphaerirns 
Other characteristic taxa: Alona afjinis and Daphnia hyalina (absent from Llyn Glasfryn) 
Unusual sites: Llyn Glasfryn due to high abundance of Ceriodaphnia reticulata 
Environmental characteristics: <200111 altitude, emergent macrophytes at least in places, pH >6.5, alkalinity >400 
~Leq r1, TP > l 0µg r1

, Ca >500 µeq r1 

Group 6 
Sites: Llanbwchllyn 
Only three species recorded and in low abundance, of which Ple11roxus 1111cina111s and Arg11/11s sp. are unique to 
this site. Alona a!Jinis is also present. 
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Environmental characteristics: 300m altitude, reservoir with considerable water level fluctuation, pH 
1400 µeq r1, TP 36 ~tg r1

, nitrate 860 µg r1
, Ca 1800 ~teq r1, chlorophyll a 15 ~tg r1 

E.1.3 Summary of end group environmental characteristics 

alkalinity 

The first TWINSPAN division precisely divides the sites along the alkalinity/pH gradient so that the 17 sites 
forming groups I, 2 and 3 are the 17 least alkaline/ most acid sites in the dataset. It is difficult to differentiate 
between the environmental characteristics of these three site groups as each contains sites with a broad range of 
acid chemistry, although sites in group I are restricted to higher altitudes only and group 3 sites occupy a slightly 
broader TP range. It is possible that the structure of these endgroups reflects factors such as habitat availability or 
predation pressures which are not represented in the environmental dataset. The seperation of groups 4 and 5 could 
represent differences in chemistry, with the group 5 sites tending to occupy the upper end of the alkalinity gradient. 
Again, however, it is possible that habitat or predation factors have been inlluential. The isolation of Llanbwchllyn 
as a single site group is perhaps not surprising given the disturbed nature of the littoral resulting from its 
management as a reservoir. 
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E.2 Littoral Cladocern COINSPAN classification 

E.2.1 Results of CCA forward selection 

Variable selected Variance p Bonferroni required 
added significance 

Alkalinity 0.510 0.001 0.05 
Chlorophyll a 0.250 0.002 0.25 
TOT AL VARIANCE 4.476 
% of total variance explained by selected variables= 16.9 

nb. Llanbwchllyn removed from analysis as an outlier (see section 7.1) 

E.2.2 Description of divisions 

The first COINSPAN division separates the sites identically (with the exception of Llanbwchllyn which has been 
excluded from this analysis) to the TWINSPAN, distinguishing groups 1,2, and 3 from 4, 5 and 6. However, 
differences are apparent between the two approaches in the site composition of each successive division. The 
second division isolates the end group I (n 5) from groups 2 and 3, largely due to the complete absence of 
Acroperus harpae and absence in all but one site of Eubosmina longispina and E11rycerc11s lamellatus from the 
group l sites. Division three removes the single site end group 6 (Llyn G lasfryn) from groups 4 and 5, as a result 
of the abundant Ceriodaphnia reticulata restricted to this site only, and the abundance of Chydorus sphaericus 
which only occurs in very small numbers in groups 4 and 5. At division five, groups 3 (n 7) and 2 (n 6) are 
formed although the distinction between them appears is difficult to interpret; Po(vphemus pedicu/us is exclusive 
to group 2, in which Eurycercus !amellatus also tends to occur in greater abundance. Division six creates the end 
groups 5 and 4. Pleuroxus aduncus, Simocephalus vetu/us and Acroperus harpae are more consistent members of 
group 5, while Chydorus sphaericus and Eurycercus !ame!/atus (which occur in all sites in both groups) tend to be 
more abundant in group 5. 

E.2.3 Description of end groups 

Group l 
Sites: Llyn Owain, Llyn y Fan Fawr, Llynnoedd leuan, Llyn Alwen, Llyn Llagi 
nb. few species common to all sites 
Characteristic taxa: Diaphanosoma brachy11r11111 and Chydorus piger present in all sites except Llyn y Fan Fawr 
Unusual sites: Llyn y Fan Fawr for reason above 
Environmental characteristics: upland, rocky isoetid dominated littoral, pH <7.0, alkalinity < I 00 rteq r 1

, TP <50 
µg r1, nitrate 50-150 rtg r1

, Ca <200 rreq r1 

Group 2 
Sites: Llyn Cwellyn, Llyn Bugeilyn, Llyn Gynon, Llyn Hir, Llyn Tcgid, Gloyw Llyn 
Dominants: Alonopsis elongata, Eurycercus lame//atus 
Other characteristic taxa: Chydorus sphaericus at all sites. Acroperus harpae and Euhosmina longispina present in 
all sites except Llyn Cwellyn 
Unusual sites: Llyn Cwellyn for reason above 
Environmental characteristics: upland, rocky isoetid dominated littoral, pl-! 5.0-6.5, alkalinity < I 00 peq r 1, TP <20 
pg r', nitrate <200 rrg r1

, Ca <200 µeq r1
, Mn <50 rtg 1"1, Fe <200 rtg r1

, chlorophyll <20 rtg r1
• DOC <5 mg r1 

Group 3 
Sites: Llyn ldwal, Llyn Eiddwen, Llyn Fanod, Llyn Glanmerin, Llyn Fach, Llynnau Mymbyr, Llyn Cau 
Characteristic taxa: Alonopsis elongata, Ewycercus lamel/atus present in all sites except Llyn Fach 
Unusual sites: Llyn Fach for reason above 
Environmental characteristics: upland, rocky isoctid dominated littoral, pH 5.5-7.0, alkalinity 20- l 00 rteq r 1

• TP 
<30rtg r1, nitrate <200 rtg r1

, Ca 50-200 rteq r1
, chlorophyll <10 rtg r1

, DOC <6 mg r1 

Group 4 
Sites: Llyn Coron, Maesllyn, Upper Talley Lake, Lower Talley Lake, Llangorse Lake 
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Characteristic taxa: Chydorus sphaericus, Ewycercus /amellatus 
Environmental characteristics: <200 m altitude, silty littoral, emergent and noating leaved macrophyte stands at 
least in places, pH >6.5, alkalinity >250 µeq r1, TP >30 µg r1, nitrate >250 µg r1

, Ca >400 ~teq r1
, chlorophyll 

>IO mg r1
, DOC >3 mg rt 

Group 5 
Sites: Llyn Dinam, Llyn Penrhyn, Kenfig Pool, Hanmer Mere, Llyn Rhos Ddu, Llyn yr Wyth Eidion 
Dominants: Ewycercus lamellatus 
Other characteristic taxa: Chydorus splzaericus and Alona a/finis at all sites. Pleuroxus aduncus ( except Llyn Rhos 
Ddu), Daphnia hyalina (except Kenfig Pool), Simocephalus vetulus (except Llyn yr Wyth Eidion), Acroperus 
harpae (except Llyn Dinam) 
Unusual sites: Hanmer Mere due to abundance of Daphnia magna, Kenfig Pool due to abundance of 
Ceriodaphnia pu!chella 
Environmental characteristics: lowland (<100 m altitude), silty littoral, emergent and floating leaved macrophyte 
stands at least in places, pH >7.5, alkalinity >l000 µeq r 1

, TP >IO µg r 1
, Ca >1500 ~1eq i-1

, chlorophyll a 3-15 
~Lg r1, DOC >6 mg rt 

Group 6 
Site: Llyn Glasfryn 
Dominants: Chydorus sphaeric11s, Ceriodaphnia reticulata 
Environmental characteristics: 130 m altitude, silty littoral, emergent and 0oating leaved macrophytes common, 
pH 6.7, alkalinity 440 ~teq r 1

, TP 146 µg r 1
, nitrate 47 ~tg r 1

, Ca 470 ~1eq r 1
, chlorophyll a IOI pg i-1 (highest 

value for all sites), DOC l 3 .3 mg r 1 

E.2.4 Summary of end group environmental characteristics 

The first COINSPAN division operates in the same way as the first division of the TWINSPAN, segregating the 
17 least alkaline/ most acid sites (groups 1,2 and3) . The environmental characteristics of these sites are more 
clearly defined than for the TWINSPAN classification. Group 2 sites tend to lie at the lower end of the pl I 
gradient and group 3 sites at the upper end, although there is substantial overlap. Group I contains sites with a 
more diffuse range of alkalinity/pH. Group 4 contains the moderately alkaline, geographical cluster of sites Upper 
and Lower Talley Lakes and Maesllyn, but also includes the more alkaline Llangorse Lake and Llyn Coron. These 
sites all have relatively high levels ofTP and chlorophyll a. Group 5 is a more exclusively highly alkaline group of 
sites, but with a broader range of TP and chlorophyll a. 
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Figure E.l 
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Figure E.2 COINSPAN dendrograrn for the littoral cladoccra data 
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Appendix F Classification using open water zooplankton 

F.1 Open water zooplankton TWINSPAN classification 

F.1.1 Description of divisions 

The first TWINS PAN division separates the large homogenous group I (n= 16) from groups 2, 3, 4 and 5. Group 
I sites are generally of low diversity, although the majority have a relatively abundant population of Euhosmina 
longispina and Cyclops abyssorum which are absent from the other site groups. Diaphanosoma hrachyurum is 
another common representative of group I but also occurs in approximately half of all other sites. Groups 2 and 3 
are separated from groups 3 and 4 at the second division. Cyclops strenuus is confined to the latter cluster, where 
it occurs in all but two sites. Division four creates the end groups 4 (n=2) and 5 (11=6). C)c/ops vicinus and the 
Keratel/a species K. cochlearis and K. quadrata are present in most group 4 and absent from group 5 sites, while 
five group 5 sites contain Ceriodaphnia dubia which is unique to this site group. Division five forms the end 
groups 3 (n=2) and 2 (n=5). The cosmopolitan species Diaphonosoma brachywwn is notably absent from group 3 
sites while Filinia sp. is almost unique to them. 

F. 1.2 Description of end groups 

Group 1 
Sites: Llyn ldwal, Llyn Cwellyn, Llyn Eiddwen, Llyn Gynon, Llyn Hir, Llynnoedd leuan, Llyn Llech Owain, Llyn 
Fach, Llyn Fan Fawr, Llyn Tegid, Llyn Alwen, Llynnau Mymbyr, Llyn Bugeilyn, Gloyw Llyn, Llyn Cau. Llyn 
Llagi 
Dominants: Diaphanosoma brachyurum, Eudiaptomus graci!is. Eubosmina longispina 
Unusual sites: Llyn Idwal due to absence of both Diaphanosoma hrachyurum and Eudiaptomus graci/is 
Environmental characteristics: upland, rocky littoral, pH <7, alkalinity I 00 ~teq r 1 

, conductivity < I 00 ~LS cm· 1 

, TP < I 00 µg r 1
, nitrate <250 µg r 1, Ca <200 µeq r 1 

Group 2 
Sites: Llyn Fanod, Llyn Glanmerin, Maesllyn, Upper Talley Lake, Lower Talley Lake 
Dominants: Eudiaptomus gracilis 
Other characteristic taxa: Keratella cochlearis, Keratella quadrata, Chaohorus sp. 
Environmental characteristics: maximum depth <l O m, emergent macrophytes at least in places (restricted to 
Carex rostrata stands in Llyn Fanod), pH 6.5-7.5, alkalinity 100-600 µeq r 1

, conductivity 60-l 10 ~tS cm·1 ,TP 10-
100 µg r 1

, nitrate 100-500 ~lg r 1 ,Ca 100-700 µeq r 1 

Group 3 
Sites: Kenfig Pool, Llanbwchllyn 
Dominants: Kellicotia longispina 
Other characteristic taxa: Kerate/la coch/earis, Fi!inia sp., Bosmina longirostris, Daphnia ga!eata, E11cliaptom11.1· 
gracilis 
Environmental characteristics: emergent and floating leaved macrophytes at least in places, pH 7.5-7.9, alkalinity 
1200-2100 ~teq r 1

, conductivity 200-400 µS cm-1, TP 30-40 ~lg r 1
, nitrate 50-1000 ~Lg r 1

, Ca 1800-2300 µeq r 1
, 

chlorophyll a 10-15 µg i-1
, Mn <10 µg r 1

, Fe 10-50 ~tg r 1
, DOC 4-6 mg r 1 

Group 4 
Sites: Llyn Coron, Llangorse Lake 
Characteristic taxa: Eudiaptomus gracilis, Cyclops strenuus, Cyclops vicinus, Kerate//a coch/earis, Kerate!lu 
quadrata 
Environmental characteristics: pH 8.0-9.0, alkalinity 1800-2500 ~teq r1, conductivity 300-350 µS cni" 1, TP I 00-
160 µg r 1

, nitrate 600-700 µg r 1
, Ca 1900-2600 ~Leq r 1

, chlorophyll a 15-25 µg r 1
, DOC 5-7 mg r 1 

Group 5: 
Sites: Llyn Dinam, Llyn Penrhyn, Hanmer Mere, Llyn Glasfryn, Llyn Rhos Ddu, Llyn yr Wyth Eidion 
Characteristic taxa: Eudiaptomus gracilis, Daphnia galeata (except Llyn Glasfryn) 
Environmental characteristics: maximum depth < I Om, emergent and floating leaved macrophyte stands abundant. 
pH >6.5, alkalinity >400 fteq r 1

, conductivity> 100 flS cm·1
, TP > I 0~tg r 1

, Ca >400 peq i-1
, chlorophyll a >4 ftg r 

1
, Fe >65 ~tg r 1

, soluble labile aluminium <4 µg r 1
, DOC >7 mg r 1 
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F. 1.3 Summary of end group environmental characteristics 

With the exception of Llyn Glanmerin, which is placed in group 2, group I sites form the 16 least alkaline/ most 
acid sites in the dataset. Sites in groups 2, 3 and 4 exhibit increasing levels of pH and alkalinity and the two sites in 
group 4 have high concentrations of TP and chlorophyll a. Group 5 sites all have high DOC concentrations. This 
group includes sites with the highest levels of alkalinity and TP in the dataset but also incorporates sites with more 
intermediate concentrations of these variables. It is important to note that no direct data is available on predation 
pressure, and this could be an important influence on these open-water zooplankton data. 
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F.2 Open water zooplankton COINSPAN classification 

F.2.1 Results of CCA forward selection 

Variable selected Variance p Bonferroni required 
added sh?nificance 

Conductivity 0.5 l 0.00] 0.050 
Manganese 0.18 0.015 0.025 
TOT AL VARIAN CE 3.63 
% of total variance explained bv selected variables= 19.0 

F.2.2 Description of divisions 

The first COINSPAN division separates the large end group l (n=l6) from groups 2, 3, 4 and 5. Group I sites tend 
to be oflower species diversity than other sites and the majority are dominated by Diaphanosoma brachyurum and 
the cosmopolitan species Eudiaptomus gracilis. Eubosmina longispina, recorded in 12 sites, is unique to this side 
of the first division. E. gracilis is present in all sites in groups 2-5 in which Daphnia galeatu, kfacrocyclops 
albidus and Asplanchna sp. are also frequently represented. The second division separates group 2 (n=6), in which 
E11rycyclops serrulatus, Ceriodaphnia duhia, Cyclops slrenuus, and Ewycercus lamellat11s are more frequent 
representatives, from groups 3 and 4. The fifth division differentiates between group 3 (n=3) and 4 (n=4). Group 4 
sites generally have higher abundances of Daphnia ga/eata but lack Kellicotia longispina which is present in all 
group 3 sites. 

F.2.3 Description of end groups 

Group l 
Sites: Llyn ldwal, Llyn Cwellyn, Llyn Bugeilyn, Llyn Eiddwen, Llyn Gynon, Llyn Hir. Llynnoedd leuan. Llyn 
Llech Owain, Llyn Fach, Llyn y Fan Fawr, Llyn Tegid, Llyn Alwen, Llynnau Mymbyr, Gloyw Llyn, Llyn Cau, 
Llyn Llagi. 
Characteristic taxa: Eubosmina !ongispina, Diaphanosoma brachyurum, Eudiaptomus gracilis 
Environmental characteristics: upland(> I 00 m altitude), rocky isoetid dominated littoral, pH <7.0, alkalinity< I 00 
µeq r 1

, conductivity <100 ~tS cm·1
, TP <50µg r 1

, nitrate <500µg r 1
, Ca <200 µeq r 1

, DOC <6 mg r1 

Group 2 
Sites: Llyn Coron, Llyn Dinam, Llyn Penrhyn, Upper Talley Lake, Llyn Glasfryn, Llyn Rhos Ddu 
Characteristic taxa: Eurycyc/ops serru!atus, Ceriodaphnia dubia, (vclops strenuus, E111J1cercus lame!latus 
Environmental characteristics: <150 m altitude, silty littoral at least in places, emergent and floating leaved 
macrophyte stands at least in places, maximum depth <5 m, pH >6.5, alkalinity >400 µeq r1

, conductivity I 00 ~tS 
cnf1, TP >40 µg r1

, Ca 400-2500 ~teq r1, chlorophyll a >4 µg r1, Mn >50 µg r1
, Fe >!00 µg r1

, DOC >3 mg r1 

Group 3 

Sites: Maesllyn, Kenfig Pool, Llanbwchllyn 
Characteristic taxa: Eudiaptomus gracilis, Kerate!!a cochlearis, Kellicotia !ongispina 
Environmental characteristics: silty littoral, emergent and floating leaved macrophyte stands at least in places, 
maximum depth 3-8 m, pH 7.3-8.0, alkalinity 500-2100 ~Leq r 1

, conductivity 100-400 ~LS cni"1
• TP 30-50 ~tg 1"1, 

nitrate >I00µg r1
, Ca >600-2300 ~tg 1"1, Fe 50-l00µg 1"1, chlorophyll a 10-25 ~tg !"1

• Mn 3-11 µg 1"1, DOC 4-6 mg 
rl 

Group 4 

Sites: Lower Talley Lake, Llangorse Lake, Hanmer Mere, Llyn yr Wyth Eid ion 
Dominants: Eudiaplomus gracilis 
Other characteristic taxa: Daphnia gal eat a 
Environmental characteristics: <200 m altitude, silty littoral, emergent and floating leaved macrophyte stands at 
least in places, maximum depth 4-10 m, pH 6.5-8.0, alkalinity >300 ~teq 1"1, conductivity >90 ~LS cm·1

• TP 10 pg 
r 1

, Ca >400 µeq r 1
, chlorophyll a> 4 ~tg r 1

, Mn 20-60 ~tg r 1
, Fe <200 µg r 1

, DOC >3 mg r 1 
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F.2.4 Summary of end group environmental characteristics 

As with the TWINSPAN classification, COINS PAN isolates the 16 least alkaline/ most acid sites (group 1 ), with 
the exception ofLlyn Glanmerin, from the rest of the dataset at the first division. This alkalinity gradient does not 
appear to have much importance in the subsequent division of the remaining sites. Group 2 sites are all very 
shallow with high concentrations of manganese. Sites in groups 3 and 4 tend to be deeper. with group 3 exhibiting 
particularly low manganese concentrations. These relationships may be related to oxygen regimes and redox 
effects in more nutrient rich systems. 
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Figure F.1 TWINSP AN dendrogram for the open-water zooplankton data 
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Figure F.2 
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Appendix G Classification using littoral macroinvertebrates (nb. Llanbwchllyn not 
surveyed) 

G.1 Littoral macroinvcrtcbratc TWINSPAN classification 

G.1.1 Description of divisions 

Groups I, 2 and 3 are separated from groups 4 and 5 by the first division of the TWINSPAN. Groups 4 and 5 
exhibit a generally more diverse fauna! assemblage and are characterised by the presence of leeches, (particularly 
Theromyzon tessalatum, Gfossophonia complanata and Helobdelfa stagnalis), a variety of molluscs (particularly 
Planorbis a/bus) and the mayfly larva Cfoen dipterum. The caddis larva Po~vcentropus jlavomaculatus, is the 
most characteristic invertebrate of groups l, 2 and 3, within which the beetle Oulimnius sp. and the chironomidae 
are also frequent but not unique to this side of the division. Division two creates the end groups 4 (n = 6) and 5 ( n 

5), which are distinguished mainly by the frequent occurrence of several mollusc species (particularly Valvata 
piscina!is) in group 5, and the presence of Ou!imnius sp. and the group Ceratopogonidae in group 4. Division three 
separates groups I and 2 from the end group 3 (n 4) as a result of the absence of most Odonata and l lemiptera 
(with the exception of the Corixidae) and the relatively frequent occurrence of Trichoptera (particularly 
Polycenlropus jlavomaculatus) in groups I and 2. The sixth division forms the end groups l (n 6) and 2 (n 
9). Group 2 sites contain a more diverse fauna! assemblage, particularly of Trichoptera, Coleoptera and 
Plecoptera. The trichopteran species Caenis horaria and C luctuosa are notably absent from group l sites. 

G. l.2 Description of end groups 

Group l 

Sites: Llyn Bugeilyn, Llyn Gynon, Llyn Hir, Llynnoedd leuan, Llyn y Fan Fawr, Llyn Alwen, Gloyw Llyn, Llyn 
Cau, Llyn Llagi 
Dominants: Chironomidae (dominant in all groups) 
Other characteristic taxa: Polycentropusjlavomaculatus, several Trichopteran species, 
Unusual sites: Llyn Bugeilyn due to abundance of Mystacides longicornis 
Environmental characteristics: upland, rocky, isoetid dominated littoral, pH <6.5, TP <30~tg r 1

, nitrate <200~tg r1
, 

Ca <200 µeq r1
, chlorophyll a <5 mg r1, DOC <5 mg rt 

Group 2 
Sites: Llyn Idwal, Llyn Cwellyn, Llyn Eiddwen, Llyn Fanod, Llyn Tegid, Llynnau Mymbyr 
Dominants: Chironomidae (dominant in all groups), Pisicli11111 sp., Caenis luctuosa (except Llyn Idwal) 
Other characteristic taxa: Caenis horaria, Erpobdella octoculata, Pofycentrupusflavomac11/a111s 
Environmental characteristics: upland, rocky, isoetid dominated littoral, pH 5.5-7.0, TP <30 µg 1"1, Ca 75-200 iteq 
r1, chlorophyll a <10 mg r1, DOC <6 mg rt 

Group 3 
Sites: Llyn Glanmerin, Kenfig Pool, Llyn Llech Owain, Llyn Fach 
nb. weakly defined group 
Dominants: Chironomidae (dominant in all groups) 
Other characteristic taxa: Helobdella stagnalis (except Llyn Fach), Sia/is !utaria (except Kenfig Pool), 
Ceratopogonidae ( except Llyn G lanmerin) 
Unusual sites: Llyn Glanmerin due to relatively high species diversity 
Environmental characteristics: TP 5-50 ~tg r1

, nitrate 100-150 ftg r1
, Ca 100 µeq r1

, 

Group 4 
Sites: Maesllyn, Upper Talley Lake, Lower Talley Lake, I lanmer Mere, Llyn Glasfi-yn, Llyn yr Wyth Eid ion 
Dominants: Chironomidae: (dominant in all groups) 
Other characteristic taxa: Erpobde!!a octoculata, Pisidium sp. Glossophonia complanata, Theromy::.011 tessalat11111, 
Tricladida, Coenagriidae (except Hanmer Mere), Caenis horaria (except Llyn Glasfryn). Asellus 111eridia1111.1· at 
three sites 
Environmental characteristics: <200 m altitude, 0oating leaved and emergent macrophyte stands at least in places, 
silty littoral, pH 6.5-8.0, TP >IO µg r1

, Ca> 150 ~teq r 1
, Fe >50 flg r 1

, chlorophyll >3 mg r 1
• DOC > 3 mg r1 

Group 5 
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Sites: Llyn Rhos Ddu, Llyn Coron, Llyn Dinam, Llyn Penrhyn, Llangorse Lake 
Dominants: Chironomidae (dominant in all groups) 
Other characteristic taxa: Tricladida, Va!vata piscina!is, lymnaea peregra, Pisidium sp., Glossiphonia 
comp!anata, Sigarafalleni, Haliplidae, Asel/us aquaticus (except Llyn Coron) 
Unusual sites: Llyn Coron due to abundance of Ase!!us meridianus and absence of A. aquaticus 
Environmental characteristics: <200 m altitude, pH >7.5, TP >30 ~tg i-1

, Ca >1500 µeq r 1
, chlorophyll >3 mg r 1

• 

TP >5 mg r 1 

G.1.3 Summary of end group environmental characteristics 

Compared with the TWINSPAN classifications of the other biological groups, physico-chemical characterisation 
of the macroinvertebrate TWINSPAN groups is difficult. However, in broad terms the endgroup structure does 
reflect the primary environmental gradient. Two groups ( I & 2) at the acid end of the primary environmental 
gradient are apparent, group I containing the most acid sites but also including sites with more intermediate 
chemistry (upper pH limit 6.5). Group 3 is a particularly poorly defined group which includes the very acid Llyn 
Llech Owain, the more mildly acid upland Llyn Fach and the alkaline coastal site Kenfig Pool. Sites in groups 4 
and 5 are alkaline, with the latter group consisting entirely of sites with very high alkalinity. Both groups arc 
represented by sites of moderate to high TP concentrations. 
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G.2 Littoral macroinvertebrate COINSPAN classification 

G.2. l Results of CCA forward selection 

Variables selected Variance p Bonferroni required 
added significance 

Alkalinity 0.32 0.001 0.050 
Zinc 0. 19 0.001 0.025 
Lake volume 0.13 0.014 0.017 
Total phosphorus 0.12 0.012 0.013 
TOT AL VARIANCE 2.71 
% of total variance explained by selected variables = 28.0 

G.2.2 Description of divisions 

Division one separates the relatively species poor groups I and 2 from groups 3, 4 and 5. The leech He!ubde!la 
stagna!is and mollusc Lymnaea peregra occur in most sites in groups 3, 4 and 5, while absent from most in groups 
J and 2. The caddisfiy larva Po!ycentropus jlavomacu!atus is the most consistent member of groups l and 2. 
Generally, sites in groups 3,4 and 5 contain a diverse range of molluscs, Hemiptera, beetles, caddisfiies, leeches 
and crustacea, whereas groups I and 2 are characterised by caddisfiies, stone flies and mayflies. The 
chironomidae are dominant throughout the range of sites. 

The second division identifies the relatively species poor end group 3 (n = 4), in which sites tend to be dominated 
by Hemipterans, beetles and mayflies from groups 4 and 5 which also include a number of molluscs, leeches and 
crustacea. Group 3 sites are characterised by the presence of the alderfly Sia/is lz1taria, and the Hemipteran Sigara 
scotti. Division three creates the two end groups I (n 8) and 2 (n 5) which are distinguished by the better 
representation of mayfiies, stone flies, and molluscs in group 2 and the greater number of hemipteran taxa in group 
I. The caddisfly Cyrnus trimacu!atus is restricted to group 2 sites, which are also more likely to contain the beetle 
Limnius volckmari than group l sites. Tricladida are more common in group I than group 2. 

The fourth division forms the species rich end groups 4 and 5. Macroinvertebrate family composition is similar in 
the two groups although group 5 tends to have a more diverse range of molluscs and group 4 is richer in caddistly 
and hemipteran taxa. G!ossiphonia heteroclita occurs in all group 5 sites but is only present in two from group 4. 
Asel/us aquaticus is abundant in four out of five group 5 sites while present in only one group 4 site, while the 
mollusc Acroloxus !acustris is restricted to group 5 only. The hemipteran Sigara distincta only occurs in group 4, 
sites, which are also more likely to contain the mayfly Caenis luctuosa, and members of Coenagriidae and 
Ceratopogonidae. 

G.2.3 Description of end groups 

Group t 
Sites: Llyn Bugeilyn, Llyn Gynon, Llyn Hir, Llynnoedd !euan, Llyn Alwen, Llyn y Fan Fawr, Gloyw Llyn, Llyn 
Llagi 
Dominants: Chironomidae (dominant in all groups) 
Other characteristic taxa: Pozvce11tropusjlavomac11/atus 
Environmental characteristics: upland (>350 m altitude), rocky isoetid dominated littoral, pH <6.5, alkalinity <JOO 
µeq r', TP <20 ~tg r', nitrate <150 µg r1

, Ca <200 ~teq r1
, chlorophyll a <5µg r1

, DOC <5 mg r1 

Group 2 
Sites: Llyn ldwal, Llyn Cwellyn, Llyn Tegid, Llynnau Mymbyr, Llyn Cau 
Dominants: Chironomidae (dominant in all groups) 
Other characteristic taxa: Po~ycentropus jlcrvomac11/at11s, Pisidiwn sp. and 011/imnius trog!od!'te.1· ( except Llyn 
Cau), Cyrnus trimacu!atus, Erpobde!la octoculata and Tipulidae (except Llyn Tegid) 
Environmental characteristics: upland 150 m altitude), rocky isoetid dominated littoral, pH 5.5-7.0, alkalinity 
10-100 ~teq r1, TP <20 ~tg r1

, Ca >50 ~teq r', Mn <25 ~tg r1
, Fe <100 µgr', chlorophyll a 10 ~tg r'. DOC <4 mg 

r' 
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Group 3 
Sites: Llyn Fanod, Llyn Glanmerin, Llyn Llcch Owain, Llyn Facl1 
Dominants: Chironomidac (dominant in all groups) 
Other characteristic taxa: Sia/is !utaria, Sigara scofli 
Environmental characteristics: upland (>150 m altitude), pH <7.0, alkalinity <100 µeq r1, TP 5-50 ~tg r1

, nitrate 
100-150 ~tg r 1

, Ca 100-200 µeq r 1
, tyln 20-100 µg r 1

, DOC T 10 mgr' 

Group 4 

Sites: Llyn Eiddwen, Maesllyn, Upper Talley Lake, Lower Talley Lake, Kenfig Pool, Llyn Glasfryn, Llyn Rhos 
Ddu, Llyn yr Wyth Eidion 
Dominants: Chironomidae (dominant in all groups) 
Other characteristic taxa: Helobdel/a stagnalis, Tricladida, Pisidium sp., G/ussiphonia complanata (except Ken fig 
Pool), Lymnaea peregra (except Llyn Glasfryn), Coenagriidae, Erpobdel!a octocu!ata 
Environmental characteristics: pH >6.5, alkalinity >50 ~teq r 1

, TP >I0~tg r1, Ca >µeq r 1
, chlorophyll a >3 mgr 

1
, DOC >3 mg r1 

Group 5 

Sites: Llyn Coron, Llyn Dinam, Llyn Penrhyn, Llangorse Lake, Hanmer Mere 
Dominants: Chironomidae (dominant in all groups) 
Other characteristic taxa: Glossiphonia complanata, Glossiphonia heteroclita, Theromy::on tessalal/1111, Lymnaea 
peregra, Tricladida, Pisidium sp. 
Unusual sites: Llyn Coron due to abundance of Asel/us meridianus 
Environmental characteristics: <200 m altitude, silty littoral, floating leaved and emergent macrophyte stands at 
least in places, pH >7.5, alkalinity >1500 µeq r1, TP >JOO ~tg r1

, Ca >1500 µeq r1, chlorophyll a >3 ~1g r 1
• 

G.2.4 Summary of end group environmental characteristics 

Despite constraining the macroinvertebrate data using the significant environmental variables, the resulting 
COINSPAN end-group site composition is still poorly defined by physio-chemistry and difficult to interpret. 
However, the first division is again associated with the primary environmental gradient. Endgrous I, 2 and 3 all 
represent sites below pH 7. Group I includes the three most acid sites in the dataset but also incorporates Llyn y 
Fan Fawr (mean pl-I 6.5). Group 3 sites tend to exhibit moderately elevated TP concentrations. Sites in groups 4 
and 5 are generally alkaline, with the latter exclusively occupying the high encl of the alkalinity gradient and 
exhibiting particularly high TP concentrations. 
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Figure G.1 TWINSPAN dendrogram for the littoral macroinvcrtebratc data 
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Figure G.2 
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Appendix H Integrated data COINSPAN classification 

H.I Environmental variables used in the COINSPAN procedure 

COINSP AN analysis of the integrated dataset was implemented using the five independently significant 
environmental variables identified by forward selection (see section 5.1 and Table 5.2; pH, conductivity, Fe, lake 
area and chlorophyll a. The COINSPAN analyses therefore represents a biology-environment classification based 
on species response to these five variables. 

11.2 Description of divisions 

The first COINSPAN division separates groups I, 2, and 3 from groups 4, 5, and 6. The former groups are 
characterised by the diatom species Tabc!laria flocculosa, Eunotia incisa, Fragi!aria vircsccns var. cxigua, 
C:vmbe!la gracilis and Brachysira vitrea, the aquatic macrophyte lsoetes !acustris and the macroinvertebrate 
f'o!yce11trop11s jlavomaculatus. The latter groups are best characterised by the diatoms Cocconeis placentu!a, 
Fragilaria pinnata, and the macroinvertebrates Glossiphonia complanata, Helobdella stagnalis and the 
Tricladida. The later COIN SPAN divisions arc more difficult to interpret biologically since the majority of species 
tend to overlap several groups with indistinct definition. 

Division two removes group 4 (n 5), sites in which share many biological characteristics with sites on the other 
side of the first division, from groups 5 and 6. The epilithic diatom A chnanthes minutissima and the zooplankton 
species Eudiaplomus gracilis are usually dominant species in group 4 sites and occur in lesser abundance 
elsewhere. Group 4 sites are also represented in low abundance by the diatom Tabcllaria jloccufosa (in either or 
both epilithon and surface sediment), while this species is generally not recorded for sites in groups 5 and 6. 
Division three removes group I (n = 5) from groups 2 and 3. The diatom Eunotia incisa (surface sediment and 
epilithon) and the zooplankton species Diaphanosoma brachyurum are particularly abundant in group I sites, 
while the epilithic diatom species A. minutissima is particularly scarce. Division four creates the single site 
cndgroup 6 (Llyn Tegid) in which Tricladida are not recorded, and group 5 (n = 7) where they are a constant 
species. Llyn Tegid includes a number of species which only otherwise occur on the other side of the first division 
such as the aquatic macrophytes lsoetes lacustris and Callitriche hamulata, the zooplankton species Eubosmina 
longispina and the littoral cladoceran species Alonopsis elongala. Division six forms groups 2 (n 8) and 3 (n = 
4). the epilithic diatom A. 111i1111tissima is particularly abundant in all group 3 sites. 

11.3 Description of cndgroups 

Group I 
Sites: Llyn Bugeilyn, Llynnoedd leuan, Llyn Llech Owain, Llyn Alwen, Llyn Llagi 

Dominants: Eunutia incisa (surface sediment and epilithic diatom), Diaphanosoma brachyurum (zooplankton), 
Eudiaptomus gracilis (zooplankton) (except Llyn Bugeilyn) 

Other characteristic taxa: 
Epilithic diatoms - £11110/ia rhomboidea, Tabe!fariaflocculosa, Frustulia rhomboides var. saxonica 
Surface sediment diatoms - Tabe!laria Jlocculosa, Frustulia rhomboides var. saxonica, Fragi!aria virescens var. 
exigua, 
Aquatic macrophytes - littorefla unijlora 
Littoral cladocera - Alonopsis clongata (except Llyn Llech Owain) 

Environmental characteristics: upland (>200 m altitude), pH <5.2, alkalinity <10 µeq r1
, conductivity <80 ~tS cm-

1, TP <50 µg r1
, nitrate 60-150 µg 1'1, Ca <200 µeq r1

, Mn 40-200 ~tg r1
, Fe 50-600 µg r1, DOC 2-9 mg r1

, 

Group 2 
Sites: Llyn ldwal, Llyn Cwellyn, Llyn Gynon, Llyn Hir, Llyn Fach, Llynnau Mymbyr, Gloyw Llyn, Llyn Cau 

Characteristic taxa: 
Epilithic diatoms - Achnanthes minutissima, Nitzschia perminuta, Tabellaria jlocculosa, Achnanthes altaica, 
Brachysira vitrca 
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Surface sediment diatoms - Achnanthes minutissima, Tabellaria jlocculosa, C'ymbella perpusilla, Fragilaria 
virescens var. exigua, C)lfl1hella graci!is, Brachysira vilrea 
Aquatic macrophytes - Liflorella uniflora lsoetes lacustris ( except for Llyn Fach) (/soetes echinospora is a 
dominant species in Llyn Fach) 
Macroinvcrtcbrates - Po/ycentropus jlavomacu/atus ( except Llyn Fach) 
Zooplankton - Diaphanosoma brachyurum (except Llyn Idwal) 
Littoral cladocera -A/onopsis e!ongata (except Llyn Fach) 

Environmental characteristics: upland (> 150 m altitude), rocky littoral, pH 5.4 - 6.8, alkalinity I 0-70 µeq r1
, 

conductivity 20-50 µS cnf 1
, TP <10 µg i-1

, nitrate <200 ~Lg r', Ca 70-100 µeq r', chlorophyll a <3 µg r 1
, Mn <50 

µgr'. Fe <70 ~Lg r 1
, DOC <4 mg r 1

, 

Group 3 
Sites: Llyn Eiddwen, Llyn Fanod, Llyn Glanmerin, Llyn y Fan Fawr 

Dominants: Achnanthes minutissima (surface sediment and epilithic diatom), Eudiaptomus gracilis (zooplankton) 

Other characteristic taxa: 
Epilithic diatoms - Achna11thes levanderi, Tabellariaflocculosa, Brachysira vitrea 
Surface sediment diatoms - Fragilaria construens var. venter, Cymhella microcephala, Tabellaria jlocculosa, 
Fragilaria viresce11s var. exigua, C'ymhella graci/is, Brachysira vitrea 
Aquatic macrophytes - fsoetes lacustris 
Macroinvertebrates - Oulimnius sp., Pofyce11tropus flavomaculatus 

Environmental characteristics: upland (> I 50 m altitude), pH 6.5-6.8, alkalinity 80-110 µeq r1
, conductivity 40-70 

µS cnf 1
, TP 10-20 µgr', nitrate 50-150 µg 1'1, Ca 160-190 µeq !"1

, chlorophyll a 3-10 ~Lg r1
, Mn 5-80 µg r1, DOC 

2-6 mg 1'1, 

Group 4 
Sites: Maesllyn, Upper Talley Lake, Lower Talley Lake, Llyn Glasfryn, Llyn yr Wyth Eidion 
Dominants: Achnanthes mi1111tissima (surface sediment and epilithic diatom), Eudiaptomus gracilis (zooplankton) 

Other characteristic taxa: 
Epilithic/epiphytic diatoms - Cocconeis placenllila, Nit::.schia pa/ea 
Surface sediment diatoms -Fragilaria pinnata, Fragilaria intermeclia, Asterionella formosa ( except Llyn 
Glasfryn) 
Aquatic macrophytes - Nymphaea alba (except Maesllyn), Nuphar !zttea 
Macroinvertebrates - Theromy::.on tessalatum, Helobdella stagna/is, Erpobdelfa octoculata, P/anorbis a/bus 
(except Llyn Glasfryn), Pisidium sp., Glossiphonia complanata, Tricladida 
Zooplankton - Asp/anchna sp. 
Littoral cladocera - Chydorus sphaericus, EwJ 1cercus lamelfatus 

Environmental characteristics: <200111 altitude, pH 6.7-8.0, alkalinity >300 µeq r', conductivity µS >90 cm·', TP 
15-150 µgr', Ca >400 µeq r', chlorophyll a >4 ~lg r1

, Fe >80 µgr', DOC >3 mg r1 

Group 5 
Sites: Llyn Coron, Llyn Dinam, Llyn Penrhyn, Kenfig Pool, Llangorse Lake, Hanmer Mere, Llyn Rhos Ddu 

Characteristic taxa: 
Epilithic/epiphytic diatoms - Cocconeis placentula, Aclmanthes minutissma 
Surface sediment diatoms - Fragilaria pinna/a, Cocconeis plac:entula, Navicula c,yptotenella 
Macroinvertebrates - Theromy::,on tessalatum (except Kenfig Pool), Glossiphonia complanata, Lymnaea peregra, 
Pisidium sp., He/obdel/a stagnalis (except Llyn Coron), Haliplidae, Tricladida 
Zooplankton - Eudiaptomus gracilis 
Littoral cladocera - Chydorus sphaericus, Ewycercus /amel/atus, Alona affinis, Daphnia hya/ina (except Kenfig 
Pool), Simocephalus vetulus ( except Llangorse Lake) 

Environmental characteristics: <200 m altitude, pH >7.5, alkalinity l 500-2500 ~teq r', conductivity 300-450 µS 
cnf 1

, TP > 30 µg r1
, Ca 1500-2700 µeq 1"1, chlorophyll a 4-25 µg r', Mn >20 µg r1

, DOC >5 mg 1"1, 
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Group 6 
Sites: Llyn Tegid 

Dominants: Asterionella fbrmosa (surface sediment and cpilithic diatom), Achnanthes minutissima (cpilithic 
diatom), Polyphemus pediculus, Eubosmina fongispina and Ewycercus lamellatus (littoral cladocera), Daphnia 
galeata, C)'C!ops abyssorum, and Eudiaptomus gracilis (zooplankton), Pisidium sp. and Caenis luctuosa 
(macro invertebrate) 

Environmental characteristics: 160 m altitude, pH 6.4, alkalinity 75 ~tcq r1
, conductivity 57 µS crn·1, TP 13 ~tg r1

, 

nitrate 450 µg r1
, Ca 190 µcq r1

, chlorophyll a 7 ~lg r1
, Mn 6 µg r 1

, Fe 63 µg ri, DOC 4 mg r1 

HA Summary of endgroup environmental characteristics 

As with the integrated TWINSPAN classification (see section 2.2) the endgroup structure of the COINSPAN 
classification reflects the primary environmental gradient. The relationship between the first five site groups and 
pl I is particularly well defined. Group I represents the five most acid sites of the dataset (all below pH 5 and 
alkalinity< IO ~teq r1

). Group 2 sites (n 7) also re11eet acid conditions, although they include the less acid Llyn 
ldwal. Group 3 sites cluster in a very narrow pH range just below neutral (c.6.5) and tend to have more elevated 
levels of chlorophyll a than sites in the earlier endgroups. Group 4 sites range from approximately neutral to pH 8 
and (with the exception of the highly alkaline Llyn yr Wyth Eidion - see section l 0.1.3) exhibit moderate levels of 
alkalinity. Group 5 sites represents the extreme alkaline end of the primary environmental gradient, all seven sites 
having mean concentrations greater than 1500 µeq r1

• Group 6 consists of a single site, Llyn Tegid, suggesting that 
this site is an outlier to the main biology-environment relationship. Llyn Tcgid shares biological and 
physiochemical characteristics with both the more acid and more alkaline, higher nutrient status sites in the 
training set. The unique biological characteristics of Llyn Tegid, with respect to the other sites in the data-set, are 
likely to be as much due to the physical characteristics of the site, including its large size and the diversity of 
habitats, as to its water chemistry per se. 
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Appendix I Between- and within-site variation in key physio-chemical determinands 

A key consideration in the use of physio-chemical data for lake assessment and classification is the sampling 
frequency used to determine chemical conditions. The current report has adopted quarterly sampling in order to 
represent mean chemical conditions. However. repeat water sampling is resource intensive. 

Inspection of seasonal variation in key chemical deterrninands of interest for lake classification (see Section 6) 
reveals that, along the wide environmental gradient represented by the training set lakes. between site variation is 
generally greater than between site variation (see Figures I. I - 1.5). Almost all of the measurements taken of pH. 
alkalinity, conductivity and total phosphorus would allow sites to be reliably placed along the relevant gradients. 
This suggests that single spot samples could be used for initial lake assessment and classification (see Section 6 ). 
In general autumm samples following overturn would be favoured ( cf. Henriksen 1998) if reliance was placed on 
single samples to approximate mean chemical conditions. 

An important exception to these observations is provided by chlorophyll a (Figure 1.5). At the higher end of the 
chlorophyll a gradient, within-site variation in concentrations exceeds between site variations. Reliable estimates 
of mean chlorophyll concentrations cannot be derived from single spot samples. If chlorophyll a concentrations are 
required it is recommended that samples are taken at least at quarterly intervals. 
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Appendix J Ordinations of individual biological groups 

All DCA ordinations are based on detrending by segments. Rare species have been downweighted. 

Results of the forward selection procedures used in CCA are given in Appendices B - G. Rare species were 
downweighted in CCA ordination. 

J. l DCA ordination of epilithic diatom data 

Eigenvalue 
Cumulative variance(%) 

Sum of eigenvalues= 5.801 

Axis I 
0.810 
14.0 

Axis 2 
0.325 
19.6 

Axis 3 
0.263 
24.l 

Axis 4 
0.151 
26.8 

Axis I dominates the DCA, capturing 14% of the variation in species data. Taxa with high axis l scores include 
Eunotia incisa, Tabel!aria quadrisep!ata and Navicula /eptostriata, all taxa associated with acid conditions. 
Epithemia adnata, Au/acoseira granu!ata and Synedra tabu/ata are examples of taxa with low axis I scores. The 
axis is clearly related to the primary environmental gradient, with acid sites such as Llyn Llech Owain and Llyn 
Alwen having high scores and alkaline, nutrient rich sites such as Llyn Rhos-Ddu and Llangorse Lake having low 
axis l scores. Axis 2 is less important, explaining approximately 6% of the variation in species data. Upper Talley 
Lake, Llanbwchllyn and Llyn Eiddwen have high axis 2 scores and are associated with taxa such as Fragi/aria 
pinnata and Navicula pseudoscuttformis. 

J.2 CCA ordination of epilithic diatom data 

Eigenvalue 
Cumulative variance(%) 
Correlation coefficients (r) 
pH 
TP 
LabAI 

Sum of eigenvalues= 5.89 

Axis I 
0.736 
12.7 

0.945 
0.730 
-0.621 

Sum of canonical eigenvalues= 1.323 

Axis 2 
0.394 
19.5 

0.075 
-0.457 
-0.571 

Axis 3 
0.194 
22.8 

0.144 
-0.355 
0.369 

Axis 4 

The CCA is dominated by axis l, which is strongly correlated to pH and TP. Sites with high axis l scores (e.g. 
Llangorse Lake and Llyn Penrhyn) have high pH and TP, and low labile aluminium. Taxa associated with these 
sites and conditions include Cocconeis placentula var. /ineata, Amphora pediculus and Navirn/a tripzmctuta. Sites 
with low axis l scores include the more acid sites in the dataset (e.g. Llyn Llagi, Llyn Alwen). Axis 2 is less 
important, but is most strongly associated with labile aluminium. Among the more acid sites axis 2 highlights sites 
with elevated Al (e.g. Bugeilyn, Llyn Alwen) which are associated with species such as Fragilaria [ cf. 
Oldenburgiana] and Achnanthes austriaca var. minor. 
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Figure J.2 DCA species plot for epilithic diatom data 
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Figure J.4 CCA species-environment plot for epilithic diatom data 
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.J.3 DCA ordination of surface sediment diatom data 

Eigenvalue 
Cumulative variance 

Sum of eigenvalues= 6.129 

Axis l 
0.818 
13.3 

Axis 2 
0.517 
21.8 

Axis3 
0.265 
26.1 

Axis 4 
0.192 
29.2 

The ordination reveals a single, main gradation of sites along axis l. Sites with low axis 1 scores include more 
alkaline sites such as Llyn Coron and Hanmer Mere, and are associated with species such as S1epha11odisrns 
parvus and Aulacoseira granulata. Sites with high axis I scores represent acid lakes where species such as 
Tabellaria quadriseplala, Eunotia incisa and £11110/ia exigua are common. Axis 2 explains 8% of the species data, 
but is important in highlighting the distinctive flora of Llyn Cau and Llyn y Fan Fawr. These sites are characterised 
by high abundances of Cyclotella comensis . 

• J.4 CCA ordination of surface sediment diatom data 

Axis l Axis 2 Axis 3 Axis 4 
Eigenvalue 0.773 0.363 0.329 0.258 
Cumulative variance(%) 12.6 18.5 23.9 28.1 
Correlation coefficients (r) 
pH 0.941 0.037 -0.221 -0.112 
TP 0.795 -0.336 0.357 0.167 
Depth -0.353 0.658 -0.193 0.429 
H isos -0.699 -0.037 -0.538 0.315 -

Sum of eigenvalues= 6.129 
Sum of canonical eigenvalues= 1. 772 

The first axis of the CCA ordination very closely reflects the first axis of the DCA, and is strongly correlated with 
pH and TP. This emphasises the importance of these variables in determining diatom assemblages. The second 
axis is associated with water depth. Sites with high axis two scores represent deep sites which have a well 
developed plankton (e.g. Llyn Cau is dominated by Cyc!o1e!!a comensis). The second CCA axis therefore reflects 
habitat factors rather than water chemistry. 

130 



N 
VJ .,...... 
X 
<I'.; 

l.,) 

4.0 ~---------------------------------, 

3.0-

201 

cwo22m 

1.0 

CW014 
0 

CW015 
0 

CW020 0 CW023 
0 

CW029 
0 

CW003 
0 

CW019 
0 

OCW025 

0 

CW005 
CW004 

0 
0 

CW026 

0 

CW016 

OCW013 

cwooso 

CW021 
0 

CW001 
0 ocwoo2 

CW030 
0 

CW009 
cwoo70° CW011 

0 CW018O 
cwo27O 

0 

CW012 

CW006 

CW031 
0 

o ocwo24 
0 

CW017 

0.0 °cwo2s 

0.0 1.0 2.0 3.0 4.0 5.0 6.0 

Axis 1 

"Tl r;a· 
= '"I 
fl) 

c.. 
Ul 

0 
("') 
;... 
"' ;:;-

"'O 
0 ...... 
5' 
'"I 

"' = '"I 
ii.,' ,.., ,.., 
"' ,.., 
0.. 
§' ,.., 
:::l -0.. 
~ ..... 
0 
3 
0.. 
~ ..... 
~ 



Figure .J.6 
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<{ 
lD 
C".l 

<{ 
z 
<J 

~ 
<J 

<J 
<{ 
lD 
0 
Q 
z 

<{ 
~ 

8<1 
a: 
:::!: 

I 
q 
(") 

I'-
OJ 
OJ 

<{ :::J oi -st <{ 
OJ 0 <J OJ C".l 0 a: co 

<{ OJ .p LL OJ <{ I-
<J <{ <{ <J (\J w <J <J z 0 co 

lD 0 lD 0 <J :::J 0 en 0 w :::J :::J w 0 
<{ <{ <J <J <J 0 co <J 

:::J ~ <J ~ <J<J 0 ~ <{ a: <J 
<J <J <J 

<J 
<fl <{ <J 

OJ <J <J 8 <J <J 
:::J 

<J 
<J <J 

w <J <J <J 
en 

~ <J ~ 

OJ 
<J 8 OJ <J 

<J ~ <J <{ 
<J 

<J <l<l 
CJ) 

0 <{ <J <{ <J (\J 

~ <{ 8<1 <J 
C".l <{ <J <J 

z 0 
0 <J 

<{ <{ <{ 
<{ <J co I'-
OJ <J <J 0 <J <J Q~ ~ 

<J <l::J <J 0 0 z z <J a: <J <{ LL <J <J -st 
~ <J 

<J <J 4'. 
<{ z <{ 
I'-

~ 

<J <J 0 o<J 0 <J <J g <J <J <{ 
z <{ <J <J 

<J 

<J <J 4<1 
<J 

<J 
i<J <l:J 

<{ 
en 

(\J <lj ~ ~ en <J 
C".l 8<1 <J a <l<] ff: 8<1 :::J 
:::J <{ 
<{ <J <J 

<{ 
OJ 

o<QJ 
>-
0 

I 
q 
N 

~ <J 
<J <J 

<l(j <{ 
0 

<JCD C".l 
<J OJ 0 

0 <{ 
0 z 

<J a: 
<{ LL 

C".l 

<J 8 
:::J 
<{ 

I 
q 

Z s1xv 

1"7 .,_ 

I 
0 
0 

U".! 
r---

q 
<{ (!) 
~ 

lD 
0 
:::J 
w 

<J 

<J 
<{ LO 
-st 

~ 0 
0 
:::J 
w 

<J 

<J 
<{ 
OJ 
OJ 

.--i C".l 
<{ 
z q VJ ·-(") X 

<t'. 

U".! 

q 
0 

U".! 
I 

-,-

' 
q q 
..-- C:J 



i.,J 
I.,) 

01 
[/J ....... 
>< 
<r: 

3.o T-------------------------

2.0 

1.0 

0.0 

-1.0 

-2.0 

-2.0 

CW031 O 

cwo2so 

CW030 
0 

CW002 
0 

CW021 
0 

Depth o CW023 

CW001 o 
CW014 

0 

cwo1s 0 

CW029 
0 

CW019 
0 

CW020 
0 

0CW013 
PH H isos \ > 

OCW010 ~ CW016 
cwo120 cwo210 

0 

CW024 

ocwo11 ° CWOOB 
0 CW026 CW022 

0 0 

CW017 
CW0060 o 

-1.0 

CW018 
0 

0 

CW009 

0 

CW007 

0.0 

Axis 1 

CW025 
0 

0 

CW004 

1.0 

TP 
0 

CW003 o 
CW005 

2.0 

"!'j 

ciS' 
::: 
'"I 
('l) 

:--
-I 

(j 
(j 

• 
"' ;::;: 
('l) 

' ('l) 

::I 
<! 
.... 
0 
::I 
3 
('l) 

::I -"O 
0 -o' .... 
"' ::: .... 
:.i' ,., 
('l) 

V, 
r:, 
c.. 
3 
r:, 
::I -c.. 
s· 
0 
3 
c.. 
t., 

g-



Figure J.8 CCA species-environment plot for surface sediment diatom data 
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.J.5 DCA ordination of aquatic macrophytc data 

Eigenvalue 
Cumulative variance 

Sum of eigenvalues= 3.70 

Axis 1 
0.733 
19.8 

Axis 2 
0.263 
26.9 

Axis 3 
0.192 
32. l 

Axis 4 
0.118 
35.3 

The DCA reveals a single, dominant gradient in the macrophyte data, with axis I explaining nearly 20% of the 
variation in species data. Sites with high axis a scores include Llyn Penrhyn and Hanmer Mere, and taxa with high 
scores on this axis include Potamogeton pusillus , Ranunculus circinatus and Polyganum amphihi11111. These sites 
have high alkalinity and nutrient concentrations. Species with low axis 1 scores include Nardia compres.1·a, 
Scapania unc/11/ata and Callitriche ha11111/ata, all associated with low alkalinity sites such as Llyn Hir and Llyn 
Alwen. The axis is clearly strongly correlated to the primary environmental gradient. Axis 2 is less important 
(explaining 7% of the species data). Species with high axis 2 scores include Sparganium minimum and Chara 
globularis. Chara vulgaris and Callitriche stagna/i.1· are examples oftaxa with low axis 2 scores. 

J.6 CCA ordination of aquatic macrophyte data 

Eigenvalue 
Cumulative variance(%) 
Correlation coefficients (r) 
Alkalinity 
Conductivity 
Chi a 

Sum of eigenvalues= 3.70 

Axis I 
0.700 
18.9 

0.919 
0.969 
0.651 

Sum of canonical eigenvalues= 0.988 

Axis 2 
0.204 
24.4 

0.101 
-0.114 
0.496 

Axis 3 
0.085 
26.7 

-0.251 
0.033 
0.340 

Axis 4 

The CCA is dominated by axis I, which strongly reflects DCA axis I and is correlated with alkalinity and 
conductivity. This confirms the influence of the primary environmental gradient on aquatic macrophyte 
assemblages. The second axis is correlated with chlorophyll a concentrations. However, there is a strong arch 
apparent in the ordination plots. This suggests that the second axis might be an artifact, and the influence of 
chlorophyll on the assemblages has to be interpreted with caution. 
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Figure J.10 DCA species plot for aquatic macrophytc data 
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Figure J.11 CCA site-environment plot for aquatic macrophytc data 
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Figure J.12 
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J.7 DCA ordination of littoral cladocera data 

Eigenvalue 
Cumulative variance(%) 

Sum of eigenvalues= 4.476 

Axis l 
0.615 
13.7 

Axis 2 
0.343 
21.5 

AxisJ 
0.260 
27.3 

Axis 4 
0.164 
3(1:9 

The first two axes explain nearly 22% of variation in the species data. Sites with high axis 1 scores include the 
Anglesey lakes Llyn Coron and Llyn Penrhyn. Species with high axis l scores include O.\yurel/a tenuicaudis and 
Daphnia magna. Sites with low axis I scores include the lower alkalinity sites in the dataset (e.g. Llyn Fach and 
Llyn Alwen). Taxa with low axis I scores include Eubosmina longispina and Alonella excisa. Axis 2 explains 
nearly 7% of the variation in species data. It highlights Llynnau !euan and Llyn Glasfryn, which have atypically 
high scores on this axis. Species with high axis 2 scores include Ceriodaplmia reticulata and Chydorus spaerirns. 

,J.8 CCA ordination of littoral cladocera data 

Eigenvalue 
Cumulative variance(%) 
Correlation coefficients (r) 
Alkalinity 
Chi a 

Sum of eigenvalues= 4.476 

Axis 1 
0.520 
11.6 

-0.917 
-0.571 

Sum of canonical eigenvalues= 0. 757 

Axis 2 
0.237 
16.9 

-0.173 
0.675 

AxisJ Axis 4 

The two significant environmental variables account for 17% of the variation in species data. Axis I, associated 
with alkalinity, closely corresponds to DCA axis l with a similar ordering of sites and species. Axis 2 highlights a 
relationship between the cladoceran assemblages and chlorophyll a. Two sites in particular have high axis 2 scores 
(and high chlorophyll concentrations). In the species plot Ceriodaphnia reticu!ata is notable as having a high axis 
2 score and being strongly associated with elevated chlorophyll concentrations. 
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J. 9 DCA ordination of open-water zooplankton data 

Eigenvalue 
Cumulative variance(%) 

Sum of eigenvalues= 3.463 

Axis I 
0.584 
16.9 

Axis 2 
0.367 
27.5 

Axis 3 
0.198 
33.2 

Axis 4 
0.127 
36.9 

The DCA reveals two strong gradients in the zooplankton data. Axis I explains 17% of the variation in species 
data. Sites with high axis 1 scores include Gloyw Llyn and Llyn ldwal. Taxa with high axis I scores include 
Holopedium gibberum and Arctodiaptomus laticeps. Axis 2 forms a gradient among the sites with low axis I 
scores. Sites with high axis 2 scores include Llyn Penrhyn and Llangorse Lake, and species with high axis 2 scores 
include Cyclops vicinus and Daphnia pulex. Llyn Dinam has an atypically low axis 2 score, and is associated with 
species such as Ceriodaphnia dubia and Simocepha/us vetu/us. 

J. l O CCA ordination of open-water zooplankton data 

Axis I Axis 2 Axis 3 Axis 4 
Eigenvalue 0.499 0.167 
Cumulative variance(%) 14.4 19.2 
Correlation coefficients (r) 
Conductivity 0.918 0.179 
Mn 0.369 -0.719 

Sum of eigenvalues= 3.463 
Sum of canonical eigenvalues= 0.665 

The CCA shows one dominant gradient of variation, associated with conductivity. This emphasises the strong 
relationship between zooplankton assemblages and the primary environmental gradient. The gradient is similar to 

that represented in DCA axis I. The second axis is less important, but is associated with Mn. Sites with low axis 2 
scores (e.g. Llyn Glasfryn) have elevated Mn concentrations and high abundances of Chyc/urus spaerirns and 

Ceriodaphnia reticulata. 
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J.11 DCA ordination of macroinvertebrate data 

Eigenvalue 
Cumulative variance(%) 

Sum of eigenvalues= 2.601 

Axis 1 
0.4 l l 
15.8 

Axis 2 
0.151 
21.6 

Axis 3 
0.11 
25.9 

Axis 4 
0.072 
28.8 

The first DCA axis explains 16% of the variation in invertebrate assemblages. Sites with high axis I scores include 
high alkalinity/TP sites such as Llyn Penrhyn and Llyn Rhos-Ddu. Species with high axis l scores include Sigara 
concinna, Corixa punctata and Plea /eachi. Sites with low axis I scores include Llyn y Fan Fawr and Bugeilyn 
and are associated with species such as Nemuura cinerea and Nemoura camhrica. Axis 2 is less important. 
explaining around 7% of the variation. Llyn Fach is notable in having an atypically high axis 2 score. Species 
associated with high axis 2 scores include Notonecta glauca. 

J.12 CCA ordination of macroinvertebrate data 

Eigenvalue 
Cumulative variance(%) 
Correlation coefficients (r) 
Alkalinity 
TP 
Zn 
Volume 

Sum of eigenvalues= 2.601 

Axis 1 
0.360 
13.8 

-0.900 
-0.793 
0.584 
0.342 

Sum of canonical eigenvalues= 0. 735 

Axis 2 
0.178 
20.7 

0.016 
0.273 
-0.547 
0.689 

Axis 3 
0.110 
24.9 

-0.024 
-0.08 I 
-0.405 
-0.463 

Axis 4 
0.088 
28.3 

-0.249 
0.370 
-0.188 
-0.152 

Axis l of the CCA represents a gradient of high-low alkalinity and TP, and emphasises the important relationship 
between the primary environmental gradient and invertebrate assemblages. Species with low axis I scores ( e.g. 
associated with high alkalinity/TP) include Sigara concinna and Haliplus confinis. Axis 2 is less important. but is 
most strongly associated with lake volume. Llyn Tegid has a particularly high axis 2 score as does Ephemera 
danica. Axis 2 is also correlated with Zn. although this relationship is difficult to interpret. 
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Figure J.22 DCA species plot for macroinvertcbratc data 
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Figure J.24 CCA species-environment plot for rnacroinvertebratc data 
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