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ABSTRACT

The aim of this thesis is to establish whether the ponds in south-east England can be used for 

palaeolimnological research, and whether a nutrient "transfer function" can be generated from ,

a training set of surface sediment diatom assemblages and contemporary water chemistry.

The study area covers the region within a 60 mile radius of central London. A preliminary water 

chemistry survey of 123 randomly chosen ponds was undertaken. Following Principal 

Components Analysis (PGA) which identified total phosphorus (TP) and conductivity as 

important environmental gradients, a subset of 31 ponds was selected along these gradients to 

form a training set. These sites were monitored on a monthly basis over a 15 month period for 

pH, conductivity, alkalinity, and nutrient chemistry, and major ionic chemistry was monitored 

quarterly. Surface sediments were sampled at each site for diatom analysis.

Canonical Correspondence Analysis (CCA) was performed on the training set. Annual mean TP 

and winter mean soluble reactive phosphorus (SRP) were the most significant environmental 

variables in explaining the diatom species distributions. Weighted averaging (WA) regression 

and calibration techniques were subsequently used to generate transfer functions, enabling annual 
mean TP and winter mean SRP to be inferred from 102 common diatom taxa. For annual mean 

TP and winter mean SRP, the correlation coefficients between inferred and measured 

concentrations were r  ̂= 0.79 and r  ̂= 0.82 respectively (where n = 30). The WA models were 

successfully applied to diatom assemblages in cores from two sites, Eleven Acre Lake, 

Buckinghamshire, and Marsworth Reservoir, Hertfordshire.

In contrast to most natural lakes, many of the ponds have poor sediment records due to 

disturbance or their recent origin. However, in some cases the record is complete and the WA 

technique can be used to reconstruct phosphorus (P) concentrations with good statistical 

confidence over a large range of values (annual mean TP 25-646 pg 1'̂ ; winter mean SRP 3-558 

pg This method can provide estimates of pre-enrichment P concentrations and an indication 

of the onset and development of eutrophication for any site with a suitable sediment record in 

south-east England, and with modifications to the training set, for natural lakes in the United 

Kingdom.



ACKNOWLEDGEMENTS

This woric was funded by a studentship fixxn the Natural Environment Research Council (NERC) 

(GT4/89/AAPS/37). The radiometric dating was funded jointly by a grant from NERC and from 

the Central Research Fund, University of London, and the analyses were performed by Peter 

Appleby, University of Liverpool.

I am particularly grateful to my supervisor, Rick Battarbee, for his invaluable advice, 

encouragement and continued enthusiasm.

I acknowledge the generosity of the site owners for allowing me regular access to their ponds, 

especially Frank Thomson, National Trust at Stowe, for his time and help with collecting 

documentary information; Bernard Double and British Waterways for providing information on 

Marsworth Reservoir; and Jan Woudstra, Landscape Historian for useful discussions.

I am very grateful to Ann Smith and Monica Kanwar, University of Hertfordshire for their 

invaluable assistance with the water chemistry, and for allowing me the use of their Water 

Analysis Laboratory at Bayfordbury College. Thanks also to Steve Barnes, University of 

Hertfordshire for help with nitrate analysis, and Brian Rippey, University of Ulster for advice 

on water chemistry methods.

Major icMi analyses were undertaken by Ron Harriman, Alan Watt and colleagues at the 

Freshwater Laboratory, Scottish Office, Agriculture and Fisheries Department (SOAFD).

I am grateful to Steve Juggins for assistance and advice on statistical analyses, and to John Biiks 

for his constructive comments. I acknowledge the use of their unreleased computer programs, 

together with those of Petr Smilauer.

Taxonomic advice was provided by Roger Flower, ECRC, Hannelore Hakansson, University of 

Lund, and John Anderson, Danish Geological Survey in Copenhagen. The Mead Scholarship 

travel grant funded my visits to the latter two institutes.



I would also like to diank the following people:

Tim Allott, Jonathan Battarbee, Nigel Cameron, Viv Jones, Annette Kreiser, Don Monteith, 

Martin Munro, Jane Reed, Neil Rose, Dave Ryves, Susanne Schmidt and Julie Simpson, past and 

present members of the ECRC, for their help with fieldwork and their general assistance both 

academically and socially.

John Anderson for valuable discussions, and Katherine for their hospitality during my visits to 

Copenhagen.

Tim Aspden, Guy Baker and Louise Saunders of the Cartographic Unit, UCL, for producing 

some of the figures.

Chris Cromarty, Department of Geography, UCL, for producing the plates.

Finally, a special thanks to my parents, Peter and Jean Bennion, for their support; my flatmates, 

Mary, Jo and Lucy for providing welcome distractions and evening meals; and Simon Patrick 

fw giving up so much time to help with fieldwork, laboratory analyses at unsociable hours, and 

proof reading the text.



TABLE OF CONTENTS

TîÜc Page 

Abstract

Acknowledgements 

Table of Contents 

List of Figures 

List of Tables 

List of Plates

1

2

3

5

12

19

22

Chapter One

1.1
1.2
1.2.1
1.2.2
1.3
1.3.1
1.3.2
1.3.3
1.3.4
1.4
1.5
1.5.1
1.5.2
1.6

Introduction

Eutrophication of surface waters 
Lininological eutrophication studies 
Phosphorus loading models 
Diatom-nutrient relationship studies 
Palaeolimnology 
Background
Palaeolimnology and eutrophication 
Diatoms and pH reconstruction 
Diatoms and nutrient reconstruction 
Environmental problems in south-east England 
Ponds in south-east England 
Definition
The importance of ponds 
Thesis outline

23
23
23
24
25
25
26 
26 
28 
30 
32
32
33 
33

Chapter Two

2.1
2 .1.1
2.1.2
2.1.3 
2.2 
2.2.1 
2.2.2
2.3
2.3.1
2.3.2
2.3.3

Methods

Region and site selection 
Study region
Preliminary survey site selection
Training set site selection
Water sampling
Collection
Sampling frequency
Chemical analyses of water samples
Field measurements
Analytical methods employed at SOAFD 
Analytical methods employed at the Water 
Analysis Laboratory, Bayfordbury College, 
University of Hertfordshire

36
36
36
38
38
38
39
40 
40 
40 
43



2.3.3.1 Total phosphorus (TP) 43
2.3.3.2 Soluble reactive phosphorus (SRP) 43
2.3.3.3 Dissolved silica (SiOg) 44
2.3.3.4 ChlorofAyll a 44
2.3.3.5 Alkalinity 45
2.3.3.6 Conductivity 45
2.3.3.7 pH 46
2.3.4 Analytical methods employed at the Bioterioration 46

Laboratoiy, University of Hertfordshire
2.3.4.1 Nitrate (NO3 ) 46
2.3.5 Total nitrogen (TN) 47
2.4 Other water quality parameters 47
2.4.1 Water temperature and oxygen content 47
2.4.2 Secchi depth 48
2.4.3 Maximum water depth 48
2.5 Sediment coring techniques and preparation 48
2.5.1 Estimating sediment disturbance 48
2.5.2 Surface sediment samples 48
2.5.3 Estimating sediment depth 49
2.5.4 Long sediment cores and stratigraphie analyses 49
2.6 Diatom preparation and identification 49
2.6.1 Surface sediment samples 49
2.6.2 Core sediment samples 50
2.6.3 Identification and counting 50
2.6.4 Displaying diatom data 51
2.7 Radiometric dating techniques 51
2.7.1 Pb and "̂^Ra 51
2.7.2 ^̂ ^Cs 51
2.7.3 Dating of the cores 52
2.8 Data analyses 52
2.8.1 Data storage 52
2.8.2 Principal Components Analysis (PCA) 52
2.8.3 Cluster analysis 53
2.8.4 Detrended Correspondence Analysis (DCA) 54
2.8.5 Canonical Correspondence Analysis (CCA) 54
2.8.6 Weighted averaging (WA) regression 55

and calibration
2.8.7 Displaying statistical data 57

Chapter Three Water chemistry of ponds in south-east England

3.1 Objectives 58
3.2 Site selection strategy 58
3.2.1 Random selection of sites 58
3.3 Water sample collection and analyses 60
3.4 Results 60
3.4.1 Ranges and statistical distribution of the 60

chemical variables
3.4.1.1 Overview 60
3.4.1.2 pH 64



Chapter Four

3.4.1.3 Conductivity and alkalinity 64
3.4.1.4 Major ions 64
3.4.1.5 To&l phosphorus (TP) 65
3.4.2 Relationships between the chemical variables 65
3.4.3 Geographical distribution of the chemical 

variables
68

3.4.3.1 pH 68
3.4.3.2 Conductivity and alkalinity 68
3.4.3.3 Major ions 68
3.4.3.4 Total phosphorus (TP) 75
3.4.4 Ordination 75
3.4.4.1 Principal Components Analysis (PCA) with 

123 active sites
75

3.4.4.2 Outliers 76
3.4.4.3 Principal Components Analysis (PCA) with 

117 active sites
76

3.4.5 Cluster analysis 77
3.5 Discussion 82
3.5.1 Introduction 82
3.5.2 pH 82
3.5.3 Conductivity, alkalinity and major ions 83
3.5.4 Total phosphorus (TP) 86
3.6 Summary

Training set sites and environmental variables

88

4.1 Site selection 89
4.1.1 Objectives 89
4.1.2 Site selection procedure 89
4.1.2.1 Total phosphorus gradient 90
4.1.2.2 Conductivity gradient 91
4.1.2.3 Other criteria 92
4.1.2.4 Site selection grid 95
4.1.3 Site descriptions 95
4.2 Environmental variables data-set 97
4.2.1 Ranges and statistical distribution of the 

environmental variables
97

4.2.1.1 Overview 97
4.2.1.2 pH 97
4.2.1.3 Conductivity and alkalinity 97
4.2.1.4 Major ions 98
4.2.1.5 Nitrate (NO/) 98
4.2.1.6 Total and soluble reactive 

phosphorus (TP and SRP)
98

4.2.1.7 Chlorophyll a 99
4.2.1.8 Dissolved silica (Si02) 99
4.2.1.9 Maximum water depth 99
4.2.1.10 Secchi depth 99
4.2.2 Relationships between the environmental variables 105
4.2.3 Ordination 105



4.2.4 Seasonal chemistry data-set 107
4.2.4.1 Overview 107
4.2.4.2 Variation between sites 108
4.2.43 Seasonal variation of the nutrient chemistry 122
4.3 Discussion 154
4.3.1 Introduction 154
4.3.2 The lininological characteristics of the 31 155

study sites
4.3.2.1 pH 155
4.3.2.2 Conductivity, alkalinity and major ions 155
4.3.2.3 Nitrate (NO/) 157
4.3.2.4 Total and soluble reactive 158

phosphorus (TP and SRP)
4.3.2.5 Chloroj^yll a 159
4.3.2.Ô Dissolved silica (Si02) 160
4.3.2.7 Maximum water depth 161
4.3.2.8 Secchi depth 162
4.3.2.9 Temperature and oxygen profiles 163
4.3.3 Seasonality of nutrients 165
4.3.3.1 Total and soluble reactive 165

phosphorus (TP and SRP)
4.3.3.2 Nitrate (NO3 ) 169
4.3.3.3 Dissolved silica (Si02) 170
4.3.3.4 Chlorophyll a 171
4.3.4 Nutrient values for transfer functions 175

Chapter Five Surface sediment diatom assemblages

5.1 Introduction 177
5.1.1 The representativity of surface sediment 177

diatom assemblages
5.2 Counting strategy 181
5.3 Taxonomic descriptions 183
5.4 Numerical analysis of the diatom data 194
5.4.1 Summary statistics 194
5.4.2 Detrended Correspondence Analysis (DCA) 194
5.5 Discussion 202
5.5.1 The nature of the surface sediment diatom 202

assemblages of shallow waters in south-east
England

5.5.2 The problems associated with non-planktonic 205
diatom taxa in shallow waters in relation to
nutrient transfer functions

5.5.3 Concluding comments 206



Chapter Six

6.1
6.2
6.2.1
6.2.2
6.2.3
6.3
6.4

Canonical Correspondence Analysis (CCA) of 
the training set

Introduction 208
Canonical Corresponcence Analysis (CCA) 208
Introduction 208
CCA results using annual means 209
CCA results using winter means 220
Discussion 231
The suitability of TP and SRP for generating 234
transfer functions

Chapter Seven

7.1
7.1.1
7.1.2
7.1.3
7.1.4 
7.2
7.2.1
7.2.2

7.2.3
7.3
7.3.1
7.3.2
7.4

Generation of a phosphorus transfer function for 
south-east England

Introduction 237
The transfer function method 237
Weighted averaging (WA) methodology 238
The use of logged data 238
Expressing weighted averaging results 239
Weighted averaging model for annual mean TP 242
Results 242
Diatom indicator taxa: weighted averaging 257
optima and species distributions
Discussicxi 261
Weighted averaging model for winter mean SRP 265
Results 265
Discussion 268
Conclusion 271

Chapter Eight Application of the phosphorus transfer functions 
to sediment cores

8.1
8 .1.1
8.2
8.2.1
8.2.2
8.2.3
8.2.4
8.2.4.1

8.2.4.2

8.2.5

8.2.6 
8.3 
8.3.1

Introduction 273
Site selection 273
Eleven Acre Lake, Stowe School, Buckinghamshire 274 
Site description 274
Sediment characteristics 276
Chronology 277
Diatom stratigraphy 283
Changes in percentage composition of the 283
diatom assemblages
Changes in diatom concentrations and diatom 288
accumulation rates (DAR)
Weighted averaging calibration and reconstruction 289
of past phosphorus concentrations 
Discussicxi 292
Marsworth Reservoir, Tring, Hertfordshire 296
Site description 296



Chapter Nine

8.3.2 Sediment characteristics 298
8.3.3 Chronology 299
8.3.4 Diatom stratigraphy 305
8.3.4.1 Changes in percentage composition of the 

diatom assemblages
305

8.3.4.2 Changes in diatom concentrations 309
8.3.5 Weighted averaging calibration and reconstruction 

of past phosphorus concentrations
310

8.3.6 Discussicxi 313
8.4 Concluding comments 

Conclusions

316

9.1 An evaluation of the success of the 
diatom-phosphorus transfer functions

319

9.2 Applications: eutrophication 
in south-east England

321

9.3 An assessment of the usefulness of 
ponds for palaeolimnological research

322

9.4 Implications for future woric 323
9.4.1 Training set size 323
9.4.2 Water chemistry data 324
9.4.3 Biological data 324
9.4.4 Analysis of other environmental variables 325
9.4.5 Other lake types 325
9.4.6 Validation of the mcxiel 327

References 329

Appendix One
1.1

1.2

Appendix Two 

Appendix Three

Appendix Four
4.1

Water chemistry data for 123 randomly 355
chosen sites
Dendrogram of water chemistry data for 123 sites 361

Site descriptions and surface sediment 365
characteristics for the training set sites

Summary of the monthly data for the 16 383
environmental variables at the 31 
training set sites

Principal Components Analysis (PCA) 400
environmental variable loadings and 
sample scores for:
a) 123 sites and 12 variables 400
b) 117 sites and 12 variables 402
c) 31 sites and 16 variables 404

10



4.2

Appendix Five 

Appendix SKx

Scatter plots between the spot sample from 1990 405
and the winter mean values from the seasonal 
chemistry data-set for:
a) conductivity
b) TP

Complete list of diatom taxa identified 406
with diatcodes and authorities

Canonical Correspondence Analysis (CCA) results: 412
correlation matrix, summary statistics, species 
and sample scores, and environmental variable 
loadings for all CCA analyses described 
in Chapter six:
a) 31 sites and 15 variables as annual means 412
b) 30 sites and 15 variables as annual means 415
c) 30 sites and 5 variables as annual means 418
d) 31 sites and 15 variables as winter means 420
e) 30 sites and 15 variables as winter means 423
f) 30 sites and 5 variables as winter means 426

11



LIST OF FIGURES

Figure 1.1 Simplified geology map of south-east England 35

Figure 2.1 Location map of the study region and sites 37

Figure 2.2 Scatter plot between total dissolved ion concentration 42
(log peq r )̂ and ccMiductivity (log pS cm' )̂ at 123 sites

Figure 3.1 Frequency histograms for the measured chemical variables 62
(n=122)

Figure 3.2 Multiple scatter plot showing the relationships between the 67
measured chemical variables (n=122)

Figure 3.3 Geographical distribution of pH (n=123) 69

Figure 3.4 Geographical distribution of conductivity (n=123) 69

Figure 3.5 Geographical distribution of alkalinity (n=123) 70

Figure 3.6 Geographical distribution of Ca^ (n=123) 70

Figure 3.7 Geographical distribution of Na'̂  (n=123) 71

Figure 3.8 Geographical distribution of K* (n=123) 71

Figure 3.9 Geographical distribution of Mg^ (n=123) 72

Figure 3.10 Geographical distribution of SO^" (n=123) 72

Figure 3.11 Geographical distribution of Cl (n=123) 73

Figure 3.12 Geographical distribution of NO/ (n=123) 73

Figure 3.13 Geographical distribution of TP (n=123) 74

Figure 3.14 PCA biplot of axes 1 and 2 for the 123 samples by 12 chemical 78
variables data-set

Figure 3.15 PCA biplot of axes 1 and 3 for the 123 samples by 12 chemical 79
variables data-set

Figure 3.16 PCA biplot of axes 1 and 2 for the 117 samples by 12 chemical 80
variables data-set

Figure 3.17 PCA biplot of axes 1 and 3 for the 117 samples by 12 chemical 81
variables data-set

12



Figure 4.1 Training set site selection grid of TP (log |og 1'̂ ) 94
against conductivity (log pS cm'\ n=98).

Figure 4.2 Frequency histograms for the environmental variables, 101
expressed as annual means (n=31)

Figure 4.3 Multiple scatter plot showing the relationships between the 104
environmental variables (n=31)

Figure 4.4 PCA biplot of axes 1 and 2 for the 31 samples  ̂ 106
by 16 environmental variables data-set

Figure 4.5 Temperature and percentage O2 saturation profiles for the 109
training set sites

Figure 4.6 Box plots illustrating the variability of the environmental variables 114
monitored on a monthly basis (pH, conductivity, alkalinity, TP, SRP,
Si02, NO3 and chlorophyll a) for the 31 training set sites

Figure 4.7 Line graphs of the seasonality of variables TP, SRP, Si02, NO3 , 123
and Chl-a, for the period October 1990 - December 1991, at 
Eleven Acre Lake (No.4)

Figure 4.8 Line graphs of the seasonality of variables TP, SRP, Si02, NO3 , 124
and Chl-a, for the period October 1990 - December 1991, at 
Grendon Quarter Pond (No.7)

Figure 4.9 Line graphs of the seasonality of variables TP, SRP, Si02, NO3 , 125
and Chl-a, for the period October 1990 - December 1991, at 
Abbey Lake (No.31)

Figure 4.10 Line graphs of the seasonality of variables TP, SRP, Si02, NO3', 126
and Chl-a, for the period October 1990 - December 1991, at 
Fleet Pond (No.34)

Figure 4.11 Line graphs of the seasonality of variables TP, SRP, Si02, NO3 , 127
and Chl-a, for the period October 1990 - December 1991, at 
Hammer Pond (No. 37)

Figure 4.12 Line graphs of the seasonality of variables TP, SRP, Si02, NO3 , 128
and Chl-a, for the period January 1991 - December 1991, at 
Frensham Little Pond (No.42)

Figure 4.13 Line graphs of the seasonality of variables TP, SRP, Si02, NO3 , 129
and Chl-a, for the period October 1990 - December 1991, at 
Abbotts Wood Lake (No.50)

Figure 4.14 Line graphs of the seasonality of variables TP, SRP, Si02, NO3 , 130
and Chl-a, for the period October 1990 - December 1991, at 
Cinder Hill Lake (No.53)

13



Figure 4.15 Line graphs of the seasonality of variables TP, SRP, SiOg, NO3*, 131
and Chl-a, for the period October 1990 - December 1991, at 
Albury Mill Pond (No.57)

Figure 4.16 Line graphs of the seasonality of variables TP, SRP, SiOg, NO3 , 132
and Chl-a, for the period October 1990 - December 1991, at 
Shortheath Pond (No.58)

Figure 4.17 Line graphs of the seasonality of variables TP, SRP, Si02 , NO3 , 133
and Chl-a, for the period October 1990 - December 1991, at 
Wiremill Lake (No.65)

Figure 4.18 Line graphs of the seasonality of variables TP, SRP, SiOg, NO3*, 134
and Chl-a, for the period October 1990 - December 1991, at 
Hartwell Pond (No.69)

Figure 4.19 Line graphs of the seasonality of variables TP, SRP, SiOg, NO3 , 135
and Chl-a, for the period October 1990 - December 1991, at 
Sissinghurst Lake (No.73)

Figure 4.20 Line graphs of the seasonality of variables TP, SRP, SiOg, NO3 , 136
and Chl-a, for the period October 1990 - December 1991, at 
Farthings Lake (No.74)

Figure 4.21 Line graphs of the seasonality of variables TP, SRP, SiOg, NO3 , 137
and Chl-a, for the period October 1990 - December 1991, at 
Beachborough Lake (No.76)

Figure 4.22 Line graphs of the seasonality of variables TP, SRP, SiOg, NO3 , 138
and Chl-a, for the period October 1990 - December 1991, at 
North Pool (No.79)

Figure 4.23 Line graphs of the seasonality of variables TP, SRP, SiOg, NO3 , 139
and Chl-a, for the period October 1990 - December 1991, at 
Lower S t Clere Lake (No.82)

Figure 4.24 Line graphs of the seasonality of variables TP, SRP, SiOg, NO3 , 140
and Chl-a, for the period October 1990 - December 1991, at 
Boldermere (No.83)

Figure 4.25 Line graphs of the seasonality of variables TP, SRP, SiOg, NO3 , 141
and Chl-a, for the period October 1990 - December 1991, at 
Childerditch Pond (No.85)

Figure 4.26 Line graphs of the seasonality of variables TP, SRP, SiOg, NO3 , 142
and Chl-a, for the period October 1990 - December 1991, at 
Blue Lagoon (N0 .86)

Figure 4.27 Line graphs of the seasonality of variables TP, SRP, SiOg, NO3 , 143
and Chl-a, for the period February 1991 - December 1991, at 
Mundon Hall Pond (N0 .88)

14



Figure 4.28 Line graphs of the seasonality of variables TP, SRP, SiOg, NO/, 144
and Chl-a, for the period October 1990 - December 1991, at 
Bonnington Lake (No.98)

Figure 4.29 Line graphs of the seasonality of variables TP, SRP, SiOg, NO/, 145
and Chl-a, for the period October 1990 - December 1991, at 
Lily Lake (No. 100)

Figure 4.30 Line graphs of the seasonality of variables TP, SRP, SiOg, NO/, 146
and Chl-a, for the period October 1990 - December 1991, at 
Wintry Wood Lake (No.lOl)

Figure 4.31 Line graphs of the seasonality of variables TP, SRP, SiOg, NO/, 147
and Chl-a, for the period October 1990 - December 1991, at 
Branches Park Lake (No. 105)

Figure 4.32 Line graphs of the seasonality of variables TP, SRP, SiOg, NO/, 148
and Chl-a, for the period February 1991 - December 1991, at 
Debden Lake (No. 107)

Figure 4.33 Line graphs of the seasonality of variables TP, SRP, SiOg, NO/, 149
and Chl-a, for the period October 1990 - December 1991, at 
Fowlmere Spring (No. 108)

Figure 4.34 Line graphs of the seasonality of variables TP, SRP, SiOg, NO/, 150
and Chl-a, for the period October 1990 - December 1991, at 
Hemingford Park Lake (No. 112)

Figure 4.35 Line graphs of the seasonality of variables TP, SRP, SiOg, NO/, 151
and Chl-a, for the period October 1990 - December 1991, at 
Mitchams Pit (No. 113)

Figure 4.36 Line graphs of the seasonality of variables TP, SRP, SiOg, NO/, 152
and Chl-a, for the period October 1990 - December 1991, at 
Decoy Lake (No. 114)

Figure 4.37 Line graphs of the seasonality of variables TP, SRP, SiOg, NO/, 153
and Chl-a, for the period October 1990 - December 1991, at 
Marsworth Reservoir (No. 120)

Figure 5.1 DCA plot of the 31 surface sediment samples on axes 1 and 2 198

Figure 5.2 DCA plot of the 102 common diatom taxa in the 31 surface 199
sediment samples on axes 1 and 2

Figure 5.3 DCA plot of the 31 surface sediment samples on axes 1 and 2, 200
treating No. 88 as passive

Figure 5.4 DCA plot of the 102 common diatom taxa in the 31 surface 201
sediment samples on axes 1 and 2, treating No. 88 as passive

15



Figure 6.1 a) CCA plot of 31 sites on axes 1 and 2 in relation to 210
15 envircximental variables (expressed as annual means)

b) CCA plot of the 102 common diatom taxa in the 31 surface 211
sediment samples on axes 1 and 2 in relaticxi to 15 
environmental variables (expressed as annual means)

Figure 6.2 a) CCA plot of 31 sites on axes 1 and 2 in relation to 214
15 environmental variables (expressed as annual means) 
with No. 88 treated as passive

b) CCA plot of the 102 common diatom taxa in the 31 surface 215
sediment samples on axes 1 and 2 in relatim to 15 environmental
variables (expressed as annual means) with No. 88 treated 
as passive

Figure 6.3 a) CCA plot of 31 sites on axes 1 and 2 in relation to the 217
5 select^ environmental variables (expressed as annual means) 
with No. 88 treated as passive

b) CCA plot of the 102 common diatom taxa in the 31 surface 218
sediment samples on axes 1 and 2 in relation to the selected 
5 environmental variables (expressed as annual means) 
with No. 88 treated as passive

Figure 6.4 a) CCA plot of 31 sites on axes 1 and 2 in relation to 222
15 envircmmental variables (expressed as winter means)

b) CCA plot of the 102 common diatom taxa in the 31 surface 223
sediment samples on axes 1 and 2 in relation to 
15 envircMimental variables (expressed as winter means)

Figure 6.5 a) CCA plot of 31 sites on axes 1 and 2 in relation to 224
15 envircNimental variables (expressed as winter means) 
with No. 88 treated as passive

b) CCA plot of the 102 common diatom taxa in the 31 surface 225
sediment samples on axes 1 and 2 in relation to 15 environmental 
variables (e^gressed as winter means) with No. 88 treated 
as passive

Figure 6.6 a) CCA plot of 31 sites on axes 1 and 2 in relation to the 228
5 select^ environmental variables (expressed as winter means) 
with No. 88 treated as passive

b) CCA plot of the 102 common diatom taxa in the 31 surface 229
sediment samples on axes 1 and 2 in relation to the selected 
5 environmental variables (expressed as winter means) 
with No. 88 treated as passive

16



Figure 7.1 Plots of the distribution of selected common diatom taxa
along a TP gradient using a) a linear scale (ng 1'̂ ) 240

b) a logio scale (pg 1'̂ ) 241

Figure 7.2 Plots of a) observed versus inferred, and b) observed versus 243
residuals for annual mean TP (log pg 1'̂ ), based on simple WA 
inverse regression (n=31)

Figure 7.3 Plots of a) observed versus inferred, and b) observed versus 246
residuals for annual mean TP (log pg 1'̂ ), based on simple WA 
inverse regression (n=30)

Figure 7.4 Plots of selected common diatom taxa in the training set, 248
divided into groups 1 to 4, showing their relative abundance 
along the annual mean TP gradient (log pg 1'̂ )

Figure 7.5 Plot of observed versus residuals for annual mean TP (log pg 1'̂ ) 264
based on simple WA classical regression (n=30)

Figure 7.6 Plots of a) observed versus inferred, and b) observed versus 267
residuals for winter mean SRP (log pg 1'̂ ), based on simple WA 
inverse regression (n=30)

Figure 7.7 Plot of observed versus residuals for winter mean SRP (log pg 1̂ ) 270
based on simple WA classical regression (n=30)

Figure 8.1 Plots of percentage dry weight, loss on ignition, carbonates, 278
wet density, and Troels-Smith description for the sediment core 
from Eleven Acre Lake
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CHAPTER ONE 

INTRODUCTION

1.1 Eutrophication of surface waters

"Eutrophication", defined as the process whereby nutrient levels of a water body are enhanced 

following enrichment from human activity, is a well documented problem (eg. Pennington, 1943; 

Hutchinson, 1969; Lund, 1972; Gorham etal., 1974; Battarbee, 1978a; Reynolds, 1978a; OECD, 

1982). Nutrients from agricultural sources, in the form of animal waste and fertilizers, or from 

urban sources, in the form of industrial waste and domestic sewage lead to high algal biomass 

production. Consequently unfavourable effects occur, such as impaired water taste and odour, 

filtration and corrosion problems for the water industry, hypolimnetic oxygen depletion, 

recreational impairment via unsightliness and increased health risks, fish mortality, or a change 

to less desirable species, and increased siltation and hence more rapid ageing of the water body 

(Vollenweider, 1989).

The environmental problem of "eutrophication" received a great deal of attention during the 

1960s and 1970s, especially in Europe and the United States. The impact of increasing urban 

populations and the introduction of phosphate-based detergents, combined with agricultural 

intensification and the use of nitrate and phosphate fertilizers, was causing undesirable lake 

enrichment and problem algal blooms (eg. Hutchinson, 1969; Lund, 1972). In the 1990s, 

eutrc^hication is still a major, widespread problem (eg. Sutcliffe & Jones, 1992).

1.2 Limnological eutrophication studies

1.2.1 Phosphorus loading models

During the 1970s, attention was particularly drawn to the problems of phosphorus (?) 

enrichment, primarily because this is an essential element for plant growth, and is most often the 

limiting nutrient in aquatic systems. Its excess discharge from anthropogenic sources is most 

commonly considered to be the major cause of eutrophication, though nitrogen (N) may also be 

important in some cases (Lund, 1972; Wetzel, 1983). Furthermore, P inputs are easier to control 

than N inputs, and hence management strategies are more readily available and cheaper to 

implement (Jones & Lee, 1982). Much of the work undertaken during the 1970s, focused on the 

relationship between P loading and algal biomass, in an effort to predict the impact of nutrient 

levels on water quality from a single measure of lakewater chemistry.
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The first model to describe such a relationship was developed by Vollenweider (1968, 1969), 

through involvement with the Organization for Economic Cooperation and Develqjment (OECD) 

Eutrophication Study. This five year programme examined over 200 water bodies in 22 countries 

worldwide and Vollenweider produced a model which described the relationship between P 

loading and mean depth / hydraulic residence time, concluding that as the P load to a water body 

is reduced, water quality is generally improved. Subsequently, Vollenweider (1975, 1976) 

produced a statistical correlation between P loading and the response of a lake, as measured by 

mean chlorophyll a concentration. The powerful relationship between chlorophyll and P was by 

this time well established and chlorophyll had been successfully used as a simple estimate of 

phytoplankton standing crop in many studies (eg. Sakamoto, 1966; Dillon & Rigler, 1974). 

Similar models were generated relating P load to Secchi depth and hypolimnetic oxygen 

depletion rate (eg. Rast & Lee, 1978; Lee et al., 1978).

Numerous authors recognised the weakness of the Vollenweider steady-state approach, which 

was principally that it assumed constant P loading to a water body, when in fact seasonal 

variation in P concentrations can be considerable (Scavia et at., 1976; Bloesch et al., 1977; 

Prepas & Rigler, 1981). Consequently, the steady-state approach was found not to be suitable 

fcN" shallow and enriched lakes (Prepas & Rigler, 1981). Prepas (1980) extended the previous 

models to predict seasonal rather than annual changes in lake epilimnetic P in an attempt to 

overcome such problems. This model worked well for the Canadian Shield lakes, but had its 

limitations. For example, to test the model on any lake, seasonal epilimnetic P data were 

required, and the model assumed that mean depth does not influence the predicted epilimnetic 

P, even though a strong correlation was observed between mean depth and annual mean P in 

lake outflows. Therefore, the model was not expected to work for all lakes (Prepas & Rigler, 

1981).

1.2.2 Diatom-nutrient relationship studies

Phytoplankton ecologists in the 1960s and 1970s were concerned with the respcwise of algal 

populations to enhanced lake nutrient levels, focusing especially on phytoplankton succession 

[eg. Lake Windermere (Lund, 1964); Abbotts Pond (Moss, 1969); Lake Michigan (Stoermer & 

Yang, 1969); the Shropshire and Cheshire meres (Reynolds, 1973c, 1978b); Loch Leven (Bailey- 

Watts 1974, 1978); and Lough Neagh (Gibson & Stevens, 1979)]. The periodicity of diatoms, 

siliceous, unicellular, microscopic algae, received much attention. Studies identified clear 

relationships between certain diatom species and the seasonality of nutrient concentrations.
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primarily P and dissolved silica (Si02), and to a lesser extent N. For example Asterionella was 

often the dominant taxon in the spring diatom crop in moderately eutrophic lakes (Lund, 1964; 

Moss, 1969); and in Lough Neagh there was a clear altematiœ between Stephanodiscus astraea 

(Ehr.) Grun. and Melosira italica subarctica O. Mull. (= Aulacoseira subarctica Haworth), 

related to SiOg concentrations (Gibson et al., 1971; Gibson, 1984).

Pioneering wofk by Kilham (1971), identified a relationship between planktonic diatom species 

and silica-P ratios (Si:P) in a variety of enriched lakes from around the world. He suggested that 

as P loadings to lakes increase thus diatom productivity will increase until the available Si in the 

water column is depleted to such an extent that competition for this limited nutrient will be high, 

and certain diatom species will grow in preference to others. For example, Stephanodiscus 

astraea (Ehr.) Grun. has the ability to maintain itself at low Si:P ratios, whilst Melosira 

granulata (Ehr.) Ralfs. was consistently found in waters with high Si:P ratios. Asterionella 

formosa Hassall was abundant in waters with intermediate Si:P ratios. This nutrient resource 

competition theory has been tested in laboratory cultures (eg. Kilham, 1975; Tilman, 1977; 

Kilham & Tilman, 1979) and has been shown to work well for a number of diatom species in 

a wide variety of lakes (Kilham & Kilham, 1990).

1.3 Palaeolimnology

1.3.1 Background

An estimate of past lakewater chemistry values is important for lake management, as any 

restoration programme should be based on a knowledge of levels prior to human impact, in order 

to provide targets for restoration and conservation (Schindler, 1987; Smol, 1992). In the absence 

of long-term historical water chemistry data, palaeolimnological techniques offer the potential 

of estimating past water chemistry, as the sediment accumulated in lakes can provide a record 

of past events, and past chemical conditions (Smol, 1992).

Palaeolimnological techniques have developed significantly over the past two decades and have 

been extensively used to explore and reconstruct lake history. The analysis of diatoms has been 

the focal point of much of this work (Battarbee, 1991). The preserved assemblages in the lake 

sediments can indirectly indicate water quality and they have proved especially useful in 

reconstructing pH, and to a lesser extent, nutrient status and salinity levels. In the United 

Kingdom the two former areas have been of most importance, enabling the environmental 

problems of acidification and eutrophication to be explored. These will be discussed in more
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detail below. Palaeosalinity studies, however, have been based primarily in North America, 

particularly upon the sediments of freshwater and saline lakes of the Northern Great Plains (Fritz, 

1990), and in Africa (Gasse, 1987). The successful reconstruction of past lake salinity and 

associated changing lake level enables inferences to be made regarding Holocene climatic 

change.

1.3.2 Palaeolimnology and eutrophication

Despite the proliferation of predictive models for estimating the impact of P loads, these models 

are unable to provide estimates of pre-enrichment lake P concentrations. Palaeolimnological 

studies, however, provide the opportunity to identify past lake conditions and hence to assess 

the (xiset, extent and causes of eutrophication at a given site. Until recently palaeolimnological 

eutrophication studies focused on changing diatom assemblages in response to lake enrichment 

[eg. Lake Windermere (Pennington, 1943); Lake Washington (Stockner & Benson, 1967); Lake 

Michigan (Stoermer & Yang, 1969); Loch Leven (Haworth, 1972); Lake Shagawa (Bradbury, 

1975); Lough Neagh (Battarbee, 1978a); Linsley Pond (Brugam, 1978); Blelham Tam (Haworth, 

1980); and Lough Erne (Battarbee, 1986b)]. These studies looked at shifts in diatom species 

composition over time in lake sediment cores and were qualitative in nature.

Less attention was paid to studies of lake eutrophication problems in the early to mid-1980s, a 

period when many palaeolimnologists focused their attention cm the lake acidification debate. 

However, a number of studies emerged in the late 1980s, and eutrophication has again come 

to the forefront of palaeolimnological investigation [eg. Swedish lakes (Hâkansson, 1989); 

Florida lakes (Whitmore, 1989); Northern Ireland lakes (Anderson et al., 1990, 1993); British 

Columbian lakes (Hall & Smol, 1992); south-west England lakes (O’Sullivan, 1992); Ontario 

lakes (Christie & Smol, 1993); and Michigan lakes (Fritz et al., 1993)]. Vollenweider (1989) 

described eutrophication at a global scale as "still one of the most serious water quality 

problems" and highlighted that lake enrichment continues to increase in many parts of the world. 

Palaeolimnologists are now assessing how applicable the statistical techniques developed for pH 

reconstruction during the 1980s are to eutrophication problems.

1.3.3 Diatoms and pH reconstruction.

Statistical techniques can be used to derive an equation which describes the relationship between 

a modem microfossil assemblage and a particular present-day environmental variable. This 

predictive equation or "transfer function" can then be applied to fossil assemblages to derive
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reconstructions of the past environment (Bitks & Gordon, 1985). Any inference about the past 

based on the present, and thus the principle of transfer functions, is based on a number of 

ecological assumptions. In the context of this study, it is assumed that the diatom taxa in the 

training set are related to their physical environment; that environmental variables, other than 

P, do not affect the relationship or at least that their influence has remained constant over the 

period of interest; and that the taxa in the surface sediments are the same as in the fossil diatom 

assemblages, and that their ecological responses have not changed significantly over the timespan 

represented by the fossil data (for details refer to Imbrie & Webb, 1981).

The relationship between diatom community structure and lake acidity is well established, with 

many species expressing a well defined pH optimum and ecological tolerance. The relationship 

between diatoms and pH was first quantified by Hustedt (1937-1939), whereby he grouped taxa 

into 5 pH preference groups. In the following decades Nygaard (1956), Merilainen (1967), and 

Renberg and Hellberg (1982) used Hustedt’s pH groups to derive index systems allowing 

quantitative reconstruction of pH from diatom assemblages. Further developments in the 1980s 

were based on multiple linear regression equations in association with research focusing on lake 

acidificaticxi (eg. Charles, 1985; Davis & Anderson, 1985; and Flower, 1986). These models 

worked extremely well on a regional basis, producing highly significant correlation coefficients 

between measured lake pH and diatom-inferred pH.

However, multiple linear regression methods assume a linear relationship between diatom 

abundance and pH, which is not consistent with the observation that diatoms and other 

organisms tend to have non-linear relationships with environmental variables. Since 1987, new 

statistical techniques have been developed by ter Braak (eg. ter Braak & van Dam, 1989) based 

on the Gaussian response model (Gauch & Whittaker, 1972), whereby a unimodal relationship 

between species and an environmental variable is assumed and in which each taxon is assigned 

a pH optimum and tolerance. On this basis, two principal approaches to regression and 

calibration were applied to diatom species data by ter Braak and van Dam (1989).

Firstly, the "maximum likelihood" (ML) approach was used. This is a computationally intensive 

method in which a Gaussian logit response curve (ter Braak & Looman, 1986) is fitted to each 

taxon to determine the expected diatom composition at any value. From this, the pH value that 

is most likely to give rise to the observed diatom assemblage can be determined. The second 

approach is "weighted averaging" (WA), which is much simpler and can approximate the ML
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approach (ter Braak & van Dam, 1989: Bides et al., 1990a). The rationale is that in a lake with 

a given pH, taxa with their optima close to that pH will be the most abundant in that sample. 

Therefore a simple estimate of lake pH is to take an average (weighted by the taxon abundance) 

of the pH optima of all the taxa present in that sample. The tolerance of each taxon can also be 

taken into account by downweighting taxa with a large pH tolerance (poor pH indicators) and 

giving extra weight to taxa with a small pH tolerance (good pH indicators); indifferent taxa are 

given zero weight (cf. Juggins, 1992).

ter Braak and van Dam (1989) tested the relative success of these methods on a series of lakes 

in Denmark, Germany, Belgium and the Netherlands, and found that although ML produced the 

smallest prediction errors, its performance was only slightly better than the WA approach. The 

performance of the two techniques was also compared by Biiks et al. (1990b) as part of the 

Surface Water Acidification Programme (SWAP) on a set of 167 lakes from the United Kingdom 

and Scandinavia. Their work showed that WA produced superior results in terms of lowest root 

mean square errors (RMSE) of prediction. They concluded that WA is "ecologically more 

realistic, statistically more robust, and numerically more accurate than other methods" (Birks et 

al, 1990a). This method, consequently, is currently the preferred approach to quantitative 

palaeolimnological reconstruction, and is thus the technique employed in this thesis.

1.3.4 Diatoms and nutrient reconstruction

Diatom response to nutrients is more difficult to model than response to pH, principally due to 

the greater seasonal variation and less complete understanding about the behaviour of nutrients, 

particularly P and its many forms in aquatic systems. However, as discussed above, significant 

relationships between diatoms and nutrients have been established over recent decades.

The first real attempt at a semi-quantitative approach to using diatoms as indicators of changing 

lake trophic status from sediment cores was the woik of Stockner and Benson (1967) and 

Stockner (1971,1972). Their work on Lake Washington, revealed that the changing percentages 

of Araphidineae and Centrales (expressed as the A:C index) in a sediment core closely followed 

the temporal pattern of sewage enrichment of the lake. Their thesis was that the Centrales 

reflected oligotrophic conditions, whilst the Araphidineae reflected euüophic conditions, and 

hence the ratio A:C could be used as an indicator of lake productivity. This index worked well 

in the lakes from which it was derived but is has received much criticism for its lack of 

robustness and narrow applicability (eg. Brugam, 1979). The index is inappropriate for shallow
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and highly alkaline, eutrophic waters where centric Stephanodiscus and Cyclostephanos taxa tend 

to dcxninate the diatom assemblage as lake productivity increases, and hence the A:C index 

decreases rather than increases with human disturbance, contrary to the hypothesis of Stockner 

and Benson.

A second quantitative but indirect approach to estimating lake trophic status using diatoms is the 

study of changing diatom accumulation rates (DAR) in sediment cores, as an index of palaeo- 

productivity (eg. Battarbee, 1978a, 1978b; Anderson, 1989). However, this approach is subject 

to error because of its sensitivity to the variability of sediment accumulation in lake systems. 

Many sediment cores from a single site must be analysed in order to achieve accurate results, 

and therefcM*e this is a time consuming technique. Moreover it requires the assumption that there 

is a direct relationship between diatom production and primary production, which is not always 

the case, especially in eutrophic and hypertrophic waters when Si02 is often a limiting nutrient.

Given the recent advances in statistical approaches to reconstructing environmental change made 

during the lake acidification work discussed above, the potential now exists for quantifying the 

relationship between diatoms and nutrients in a similar way to that for pH. One of the first such 

studies was that of Agbeti and Dickman (1989), who derived a multiple linear regression 

equation to describe the relationship between the surface sediment diatom assemblages of 30 

Canadian lakes and both chlorophyll a and total P (TP). The diatoms were classified into six 

ecological groups and a trophic index quotient was derived. The model was applied to sediment 

cores from two lakes to reconstruct their enrichment history.

A similar study has been undertaken by Whitmore (1989) on 30 Florida lakes. Using the nutrient 

classification of Lowe (1974) and the trophic state index (TSI) of Huber et ah (1982) as a 

quantitative measure of lake trophic status, he utilized a multiple linear regression approach to 

relate diatom assemblages to TP, chlorophyll a and TSI. He produced a new diatom-based 

trophic index (TROPH 1) based on the ratio of high trophic state indicators to low trophic state 

indicators. This model {X’oduced highly significant correlation coefficients between diatom- 

inferred trophic status and the observed TSI values, and was successfully applied to a sediment 

core profile.

The approach used in these two studies was successful, but as for the early pH models it 

assumes a linear response of diatom species to nutrients and it forces the diatom taxa into
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ecological groups. In addition, although it quantifies lake trophic status in terms of an index, it 

does not provide an estimate of past epilimnetic P concentrations. In the last year, WA 

regression and calibration techniques have been applied to regional data-sets to generate diatom- 

nutrient transfer functions for inferring past lake P concentrations from diatom assemblages (eg. 

Agbeti, 1992; Hall & Smol, 1992; Anderson et a/., 1993). The relationship between measured 

TP and diatom-inferred TP was found to be good in these studies, with r^ values of between 

0.75 and 0.80. The usefulness of diatoms for quantitatively inferring past P concentrations using 

this technique is further assessed in this thesis.

1.4 Environmental problems in south-east England

The south-east of England has a mild climate with no great seascmal variation in the amount of 

rainfall. The mean annual rainfall in the region is 500-1000 mm, with a mean minimum 

temperature in January of 1°C and a mean maximum temperature in July of 22°C (Macan, 1984). 

It is a lowland area lying below 300 m OD., and has gentle relief, developed wholly on 

sedimentary rocks. Soils in the region are essentially loamy, clayey brown earths, brown 

calcareous earths, stagnogleys and rendzinas, which are fertile and thus support a range of 

agricultural land-uses, such as dairying, mixed farming, horticulture and arable.

However, there are also areas with base-poor soils such as sandstones and podsols where acid 

waters may occur. The palaeolimnological woik of Beebee et al. (1990) at Cranmer Pond and 

Woolmer Pond in Hampshire, situated on the base-poor Lower Greensands, has indicated that 

these water bodies have been strongly affected by atmospheric pollution, leading to surface water 

acidificaticHi and the loss of breeding sites for the Natterjack toad, Bufo calamita. Sulphate 

deposition in south-east England is 1-4 g dry-deposited S m'̂  yr^ (Barrett et al., 1987), and 

hydrogen ion concentrations of precipitation are among the highest measured in the United 

Kingdom, with recorded depositions of 0.02-0.04 g H  ̂m ̂  yr'̂  (Beebee et al., 1990).

The region covers a range of geology (Figure 1.1) from the base-rich Eocene London Clay, 

Upper Jurassic Oxford Clay, and Upper Cretaceous Chalk, to the base-poor Lower Cretaceous 

sandstones and clays of the Hastings Beds, the Upper and Lower Greensands, and the Eocene 

Barton, Bracklesham and Lower Bagshot Beds (Jones, 1981). Waters lying on these latter base- 

poor bedrocks have been classified as having medium susceptibility to acidification (Edmunds 

& Kinniburgh, 1986). However, freshwater sensitivity maps currently being devised at the 

Institute of Terrestrial Ecology, Monks Wood (Critical Loads Advisory Group, unpublished).
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derived from solid geology and soils data, taking land-use type into account, indicate that 

agricultural practices and base-rich soil types in south-east England may over-ride the influence 

of geological type upon surface water chemistry in this region (cf. Homung et aL, 1990). These 

maps suggest that the south-east has low-sensitivity to surface water acidification, and human 

influences in this region cause nutrient enrichment to be the major water quality problem.

The potential for human influences upon water quality is high in south-east England, as 

population densities are the highest in the United Kingdom. Densities were 639,000 pec^le per 

km  ̂in the south-east, compared to only 236,000 people per km  ̂for the United Kingdom as a 

whole in 1989 (Department of Environment, 1990). Residential, agricultural and industrial 

densities are high, causing enrichment via agricultural run-off, domestic sewage and industrial 

waste. Urban run-off may also be of concern, as few example it can result in water quality 

deterioration via road salting and building construction (cf. Beebee, 1987).

There are no water chemistry data on a large regional scale for ponds in south-east England. 

Water chemistry data do exist for reservoirs and a small number of isolated water bodies in the 

region, most of which is published in water engineering journals. These data document the 

existence of highly nutrient-rich aquatic systems in the region, especially London reservoirs (eg. 

Gardiner, 1941; Flint, 1949; Mackenzie, 1956). Collingwood (1977) published his findings of 

a survey of eutrophication in Britain and its effects on water supplies. Soluble reactive P (SRP) 

concentrations ranged from 45-700 pg 1'̂  in the Thames Water Authority region, compared with 

values of < 25 pg 1̂  for the Cumbrian Lake District. The work of Guzkowska and Gasse (1990a) 

was concerned with four lakes in Bracknell New Town, Berkshire, focusing on the response of 

diatom communities in waters affected by urbanization. At one of their sites, they detected an 

SRP range of 10-80 pg l \  These high values were attributed to entry of raw sewage into the 

lake. A study of 15 heathland ponds in Woolmer Forest, Hampshire (Beebee, 1987) reported 

recent eutrophication of these water bodies, resulting from agricultural activity (principally 

arable), public and military pressure, concrete debris, and road salting. Data such as these, 

documenting extremely higji concentrations of nutrients in waters in the south-east region, and 

the potential for eutrophication given the intensity of agriculture and the high population density, 

suggest that an investigation into the extent and historical development of surface water 

enrichment in south-east England is required.
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Palaeolimnological studies have been undertaken on natural lakes in the United Kingdom that 

have experienced eutrophication (eg. Pennington, 1943; Haworth, 1972; Osborne & Moss, 1977; 

Battarbee, 1978a, 1986b; Fritz, 1989; and Anderson, 1990). However, south-east England has 

been neglected owing to the lack of such sites, and very little is known about the ecological 

impact of eutrophication in this part of Britain. Many artificial ponds and pools exist in the 

regicm which may be potentially useful for work of this kind.

1.5 Ponds in south-east England

1.5.1 Definition

The term "ponds" is used in this study to emphasize the artificial nature of these water bodies 

and to distinguish them from "lakes", which in most limnological literature refers to water bodies 

of natural origin. The term "ponds" also implies that these waters are relatively shallow and have 

a small surface area. One of the distinctions made in the literature between ponds and lakes in 

temperate regions, is that lakes experience summer thermal stratification, whilst ponds tend to 

be isothermal (Macan & Worthington, 1951). However, this does not always hold true, as 

observed by Moss (1969) at Abbotts Pcmd, which did undergo significant periods of 

stratification. The presence or absence of summer thermal stratification in the ponds studied here 

will be examined.

In the context of this thesis, ponds include water-filled gravel pits, hammer ponds, mill ponds, 

reservoirs, ornamental ponds, monastery fish ponds and decoy ponds. It should be noted that in 

fact many of these water bodies are actually named "lakes" (eg. Farthings Lake, Cinder Hill 

Lake, Wiremill Lake and Eleven Acre Lake).

This study is by no means unusual in its focus upon artificial water bodies, as research has been 

conducted upon other waters of this nature, for example, Grafham Water (Saxton, 1969); the 

Farmoor reservoirs (Schindler, 1969; Youngman & Farley, 1980); Abbotts Pond (Moss, 1969); 

Birmingham pools (Round, 1972); North Somerset reservoirs (Wilson etaL, 1975); Silent Pool 

(Moss, 1985); and Ardleigh Reservoir (Mason & Abdul-Hussein, 1991). Some of these sites are 

located in the south-east. However a regional palaeolimnological study has never been 

undertaken, and the potential of generating a transfer function from sites of this kind has not 

been explored.
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1.5.2 The importance of ponds

Many of the ponds in south-east England are of ancient origin. It is thought that some of the 

oldest, for example, the Bishop of Winchester’s Ponds in Hampshire (Roberts, 1986) could date 

back to the twelfth century, and if undisturbed could have a significant depth of accumulated 

sediment, containing a record of past environmental change. Furthermore, given the artificial 

nature of these waters, it is possible that the exact date of construction is known and this can 

provide a chronological marker for the base of a sediment core.

In addition to the potential palaeolimnological usefulness of these artificial waters, many are 

highly valued for their recreational, aesthetic, and conservation role (eg. many are nature 

reserves, bird sanctuaries and Sites of Special Scientific Interest). Many county pond surveys 

report a decline in pond numbers over the last century; for example, Hertfordshire lost over half 

its ponds in the last ten years (Hertfordshire County Council, 1987); a survey conducted by 

Bedfordshire County Council Planning Department showed that 75-80% of the ponds marked 

on the Ordnance Survey maps of 1902 had disappeared by 1978 (Probert, 1989); and a study of 

Hampshire ponds revealed an overall 24% loss in six surveyed areas (Probert, 1989). Many of 

those remaining are under threat of destruction and dereliction from pollution, dumping, infilling, 

drainage, development and inadequate land management (Hertfordshire County Council, 1987). 

A National Pond Survey has recently been launched in an attempt to collate information about 

Britain’s ponds (National Pond Survey, 1989). Therefore, it is also important to establish whether 

palaeolimnological investigations can contribute something towards the implementation and 

timing of future management and conservation programmes.

1.6 Thesis outline

The aim of this thesis is to explore the use of palaeolimnological techniques for reconstructing 

the nutrient history of surface waters in south-east England. Although natural lakes are lacking, 

the numerous small, shallow ponds and pools in the regicm could potentially be used, and this 

study assesses the potential of sediments from these water bodies for palaeolimnological 

investigations, both in terms of their suitability for generating a regional transfer function from 

surface sediment diatom assemblages and contemporary water chemistry data, and in terms of 

their usefulness for environmental reconstruction work.

The methods utilised in the study are described in detail in Chapter 2, including a full 

description of the water chemistry methods. An initial water chemistry survey of a large number
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(123) of randomly sampled ponds was undertaken. A suite of water chemistry variables were 

measured to identify the types of water body to be found in the regicm. Principal components 

analysis (PCA) was performed to establish the major environmental gradients in the data-set. 

Chapter 3 focuses on this preliminary regional water chemistry survey.

On the basis of the water chemistry survey, a subset of 31 sites was selected along the important 

environmental gradients identified by the PCA, to create a "training set", consisting of the 

relative abundances of diatom taxa in the surface sediment assemblages from each site, and 

monthly water chemistry, monitored over a 15 month period. Chapter 4 provides a full analysis 

and discussion of the environmental variables data-set. Full site descriptions of the 31 selected 

ponds appear in Appendix 2. Chapter 5 deals exclusively with the surface sediment diatom 

assemblage data-set, including taxonomic descriptions. Chapter 6 describes the full 31 site 

training set, combining the environmental and diatom data, and discusses the selection of the 

most significant environmental variables in explaining the variance in the diatom species 

distributions, following canonical correspondence analysis (CCA).

WA regression and calibration was performed to generate transfer functions, describing the 

relationship between the measured and diatom-inferred value of the selected environmental 

variables (TP and SRP) and thus allowing past water chemistry to be inferred from fossil diatom 

assemblages in sediment cores. Chapter 7 focuses on the generation of the transfer functions and 

discusses their validity and performance. The transfer functions were applied to the fossil 

diatom assemblages in sediment cores from two selected sites in the data-set, in order to 

reconstruct the eutrophication histories of each of these waters, and to determine the usefulness 

of these shallow ponds for environmental reconstruction. This is described in Chapter 8 , and the 

success of the technique is assessed. Chapter 9 provides a summary of the findings and makes 

suggestions for future work.
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CHAPTER TWO 

METHODS

2.1 Region and site selection

2.1.1 Study region

The study area is defined as the region lying within a 60 mile radius of Central London (Figure 

2.1). This area was chosen for logistical reasons. Time elapsing between water sample collection 

and analysis was required to be kept to a minimum, as analysis of nutrient chemistry should be 

carried out within a few hours. Therefore, this limited distance allowed the sites to be sampled 

frequently and ensured that accurate analytical results were obtained. The study excludes the area 

within the M25 motorway, as high urban densities cause potential problems in terms of finding 

ponds with undisturbed sediments and well-defined catchments. The impact of storm run-off was 

likely to be high in Greater London and this would inevitably have caused large fluctuations in 

lakewater chemistry and difficulties in relating chemical parameters to the biological variables.

The region covers a range of geology and land-use types, as discussed in Chapter 1 (Figure 1.1). 

This variation, given a random site selection strategy, enables an unbiased survey of surface 

waters to be undertaken, with no weight attached to the likelihood of finding either acid or 

nutrient-rich sites, and hence no bias in the susceptibility of sites to either acidification or 

eutrc^hication problems. It should be noted that the New Forest region in Hampshire, a large 

area with waters lying on base-poor geology, does not form part of the study region.

2.1.2 Preliminary survey site selection

A preliminary regional water chemistry survey was undertaken in January and February 1990 

in order to establish the water quality status of ponds in the south-east of England. A total of 

123 such water bodies was chosen using random grid-references (see Chapter 3). An estimate 

of the extent of sediment disturbance at each site was made from field observations and 

communication with the site owners. Any site with known disturbance to the surface sediments 

was included in the original analyses but was deleted from the training set selection procedure 

as described below.

36



CO•v]

Classification of solid geology 

B ase-poo r

m

Intermediate

Base - ricfi

Randomly selected 
sites (n=123) 
and code numbers

Training set 
sites (n=31)

M25

60 miles radius from London

Northam pton 1^1^^

n r  □ C a m b r ïd g e j^

m 9
13

C o l c h e s t e r ^  193
0  U  Luton

a ®_ Oxford
%  a

Reading
SouthendLONDON

22 23
24113

B asingstoke
M aidstone

lyo

\  @ B
H aslem ere

mi es

Brighton

f
to

I
§
B

n
%

I
I
§
§a
K.
3



2.1.3 Trainir^ set site selection

A subset of 31 sites was selected along the most important chemical gradients that emerged from 

statistical analyses (PCA) of the preliminary survey data. The chosen gradients were TP and 

conductivi^ (see Chapter 4). These 31 sites formed the training set, consisting of surface 

sediment diatom assemblage data and contemporary water chemistry. It was therefore essential 

that the surface sediments of the chosen water bodies were undisturbed and that water chemistry 

was not subject to large scale variation via water level changes or drainage during the course of 

the sampling programme; 25 of the 123 sites failed to meet these criteria and were deleted from 

the site selection procedure.

The remaining 98 sites were plotted on a six by five grid with log TP on the x axis, divided into 

six groups according to the modified OECD lake trophy classification system (Jones & Lee, 

1982; OECD, 1982), and log conductivity on the y axis, divided into five evenly spaced groups 

according to the statistical distribution of the samples (see Chapter 4). This enabled 30 sites to 

be selected, one from each section of the grid, thus producing a subset of sites that fully covered 

the environmental gradients. One extra site was added as a safety measure to cover the 

possibility that one site may be unsuitable. A total of 31 was a compromise between the 

logistical maximum and the minimum number required for statistical analyses. Owing to the 

numerous environmental variables that usually contribute to the variance in diatom data, a large 

number of sites is needed for establishing reliable predictive equations for individual variables, 

and therefore, most calibration sets are based on 30-50 sites (Davis & Smol, 1986). A number 

of other data-sets of this nature have been successfully generated using approximately 30 sites 

(eg. Forsberg & Ryding, 1980; Flower, 1986; Whitmore, 1989).

2.2 Water sampling

2.2.1 Collection

All water samples were collected in acid-washed polyethylene 1 litre bottles, and where possible 

were taken from the area adjacent to the outflow, otherwise from as deep and undisturbed water 

as could be sampled from the shore. The bottle was dipped below the water surface and the lid 

fitted whilst underwater to avoid air being trapped. Two 1 litre sample bottles were filled on 

each occasicm so that a back-up sample was available if required. Whenever there was a delay 

prior to analyses, samples were stored in the daik at 4®C. Samples being stored for longer 

periods were sub-sampled into smaller acid-washed bottles and were deep-frozen.
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2.2.2 Sampling frequency
The preliminaiy survey involved the collection of a single water sample from 123 sites, visited 

on one occasion during January and February 1990. Eleven chemical determinands [pH, 

alkalinity, conductivity, sodium (Na )̂, calcium (Ca**), magnesium (Mg**), potassium (K*), 

chloride (Cl ), sulphate (SO  ̂ ), nitrate (NO/), and absorbancy at 250 nm] were measured at the 

Freshwater Fisheries Laboratory, Scottish Office Agriculture and Fisheries Department, 

(SOAFD), in Pitlochry, and TP was analysed at the Water Analysis Laboratory, Bayfordbury 

College, University of Hertfordshire, by the author.

A high frequency of sampling was required because of the large e;q>ected variability in water 

chemistry over the year, particularly in the case of plant nutrients, which show marked seasonal 

patterns in lake waters. Hanna and Peters (1991) highlight the importance of a sampling protocol 

which minimizes variance associated with the mean and the bias associated with spatial and 

temporal variation, in order to give the most informative estimates for use as descriptors and 

predictors in regressions. They conclude that representative sampling for a given lake requires 

only a single sample per visit but several visits within a season. This was also the conclusion 

of a study on sampling strategies for water quality monitoring in lakes by Hilton et al (1989). 

Many training sets are based on only a few water chemistry data points (Davis & Smol, 1986), 

yet many authors discuss the importance of more representative water chemistry data for the 

generation of more accurate predictive equaticms (eg. Knowlton et al, 1984; Marshall et al, 

1988; Hanna & Peters, 1991). Therefore in order to provide a realistic estimate of the mean 

water chemistry at a site, the frequency of sampling should be maximised. In this study, a 

monthly basis was the logistic maximum, given the large number of sites and their wide 

geographical distribution.

The 31 training set sites were visited on 13 occasions over a 15 month period between October 

1990 and December 1991 on a monthly basis. The only exceptions were November/December 

and February/March when the sites were sampled only once because of ice-cover. Eight 

determinands were measured at the Water Analysis Laboratory, Bayfordbury College, University 

of Hertfordshire, cxi a monthly basis: pH, alkalinity, conductivity, SRP, TP, SiOg, NO/, 

chlorophyll a, and six determinands, principally ionic chemistry, were measured at SOAFD on 

a quarterly basis (March, June, September and December 1991): Ca**, Na*, K*, Mg**, Cl and 

SO,-.
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2.3 Chemical analyses of water samples

2.3.1 Field measurements

No seasonal chemical measurements were undertaken in the field as more accurate results could 

be obtained within two or three hours of collection, at the laboratory.

2.3.2 Analytical methods employed at SOAFD.

Determinands measured at SOAFD, under the supervision of Mr. R. Harriman, were analysed 

using standard techniques (Harriman & Morrison, 1982; Harriman et al., 1990). pH and 

alkalinity were measured after the sample had equilibrated to room temperature (20°C), using 

a radiometer TTT81 digital titration system with pHM84 research pH meter. Conductivity was 

measured using a standard conductivity meter, after the sample had equilibrated to room 

temperature (25°C). Ca^, Na\ Mg" ,̂ and K̂ , were determined by atomic absorption spectroscopy 

using a Perkin Elmer 2380 with attached autosampler, after filtration. SO "̂, NO3 and Cl were 

determined using a "DIONEX-QIC" ion chromatography system with autosampler. An estimate 

of soluble organic matter was made by measuring UV absorbance at 250 nm. All the major ion 

concentrations are expressed in peq l '\  alkalinity is expressed in meq l '\  pH is expressed in pH 

units, and conductivity is expressed in |iS (25°C) cm'\ The detection limits of these methods are 

listed in Table 2.1.

The total dissolved ion concentration was estimated, by doubling the total cation concentration, 

expressed in peq 1'̂  (Rippey & Gibson, 1984) and plotted against measured conductivity as a 

means of testing the usefulness of conductivity as an estimator of total dissolved solids. Figure

2.2 illustrates the extremely close correlation between the two sets of results (here transformed 

to logio) thus confirms that conductivity is a good estimator of total dissolved solids.
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Table 2.1 Detection limits of the water chemistry methods

Determinand Units Analytical Lab. Detection limit

Alkalinity meq 1‘ SOAFD 0.005

Na+ peql* SOAFD 5.00

Ca++ peql'^ SOAFD 5.00

Mg++ peql'^ SOAFD 2.00

K+ peql'^ SOAFD 2.00

SO/ peq 1* SOAFD 5.00

NO3 peql'^ SOAFD 2.00

Cl peql'^ SOAFD 5.00

TP p g l' WAL 0.50

SRP p g l' WAL 0.50

SiOz mg WAL 0.002

NO/ mg 1'̂ BL 0.10

SOAFD Freshwatw Fisheries Laboratory, Scottish Office, Agriculture & Fisheries Department,
Pitlochry.

WAL Water Analysis Laboratory, Bayfordbury College, Hertford.

BL Biodeterioration Laboratory, University of Hertfordshire.
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Figure 2.2 Scatter plot between total dissolved ion concentration (log peq 1'*) 
and conductivity (log pS cm'*) at 123 sites
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2.3.3 Analytical methods employed at the Water Analysis Laboratoiy, Bayfordbury College, 

University of Hertfordshire.
The following analyses were undertaken by the author at the above laboratory, under the 

supervision of Dr. M. A. Smith. The detection limits of those determinands which were 

sometimes below analytical detection are listed in Table 2.1.

2.3.3.1 Total phosphorus (TP)
In order to measure TP, the organic matter in unfiltered water must be destroyed and the P 

converted into soluble inorganic phosphate. Here, TP of unfiltered water was determined as 

orthophosphate after potassium persulphate digestion in a PriorClave Ltd PC/LAC series 

autoclave for 30 minutes (Menzel & Corwin, 1965; Koroleff, 1970; Golterman et al., 1978). 

Following filtration through ashed Whatman glass microfibre filters to reduce interference to the 

readings, final determination of TP concentration was made colorimetrically using a molybdate- 

antimony reagent and absorbancy was measured at 885 nm in a 4 cm pathlength quartz cuvette, 

using a Philips Scientific PU8625 UV/visible spectrophotometer (Murphy & Riley, 1962).

Analysis was performed on two 50 ml samples for each site along with two reagent blanks (50 

ml distilled water) and two standards (1 pM PO4-P, equal to 32 pg 1̂  PO4-P). Results are 

expressed in pg l '\  TP is less subject to sampling and analytical error than other forms of P and 

on occasions samples were frozen on the day of collection and analysis performed on thawed 

samples for a number of months simultaneously at a later date.

2.3.3.2 Soluble reactive phosphorus (SRP)

After filtration through Whatman cellulose nitrate membrane filters (pore size 0.45 pm), two 50 

ml samples from each site were measured colorimetrically on the day of collection using the 

molybdate-antimony reagent method and standards as for TP. Results are expressed in pg 1 \

Logan (1982) draws attention to the problems associated with the analytical methods used for 

determining various forms of P. He suggests that SRP can be overestimated using 0.45 pm pore 

diameter filters, as some particulate matter can pass through and P is subsequently extracted or 

dissolved when this material comes into contact with the acid. Likewise, Logan’s findings show 

that the commonly used persulphate digestion technique for determining TP, used here, can 

underestimate TP. However, these techniques are universally accepted and commonly used and 

therefore the data presented in the current study are comparable with many other studies on
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epilimnetic lake P concentrations, though perhaps some caution should be exercised when 

interpreting data concerned with the relationships between the various P fractions.

2.5.3.3 Dissolved silica (SiO )̂.

After filtration through Whatman cellulose nitrate membrane filters (pore size 0.45 pm), soluble 

reactive silicon (silicic acid) was determined on the day of collection by reaction with molybdate 

to form yellow heteropoly (molybdosilicic) acids, followed by reduction with stannous chloride 

to intensely coloured silicomolybdenum blues (Mullin & Riley, 1955; Strickland & Parsons, 

1972). The abscfbancy was measured colorimetrically in a 1 cm pathlength quartz cuvette at 

700 nm, using the spectrophotometer as for TP. Analysis was performed on two 50 ml samples 

from each site along with two reagent blanks (50 ml distilled water) and four standards 

(2x1 mg Si 1̂  and 2 x 10 mg Si 1̂ ). Plastic vessels were used and contact with glassware was 

avoided throughout (Golterman et al, 1978).

2.3.3.4 Chlorophyll a

The sample was filtered on the day of collection using a Nalgene hand-operated vacuum pump, 

and the filtrate collected on Whatman cellulose nitrate membrane filters (pore size 0.45 pm), 

placed in petri-slides and frozen immediately at -5°C for at least 24 hours. Care was taken not 

to exceed 20 cm of mercury vacuum so as not to destroy the chlorophyll a. For analysis, filter 

papers were dissolved in 20 mis of 90% Analar acetcxie for one hour in the dark and the extract 

was subsequently filtered through Whatman glass microfibre filters to remove any suspended 

material. Readings of two 20 ml samples from each site were determined using a Turner Designs 

fluorometer, model 10 series, fitted with an infra red sensitive detector (model 10-005R) and 

chlorophyll accessory kit (model 10-040), before and after acidification with 10% Analar 

hydrochloric acid (Lorenzen, 1966; Marker, 1972). Due to the high concentrations, many 

samples had to be diluted.

A range of chlorophyll a concentrations up to 10 pg 1'̂  were made by dilution of a 1 mg 1̂  

chlorophyll stock with 90% acetone and the fluorescence measured before and after the addition 

of 10% hydrochloric acid, to produce a calibration curve. The 1 mg 1'̂  stock was made from 1 

mg chlorophyll a from Spinach, SIGMA C-5753, dissolved in 1 litre of 90% acetone and the 

absorbance read in a 1 cm pathlength quartz cuvette at 665 nm, using the spectrophotometer as 

for TP, before and after addition of acid. The concentration of this standard was calculated using
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the following equation (Strickland & Parsons, 1972):

Chlorophyll a (pg 1'̂ ) = 26.7 (Fb - Fa) x 10/P x 100 

where Fb is absorbancy before acid 

Fa is absorbancy after acid 

P is the pathlength of the cuvette used.

Chlorofbyll a ccmcentrations of the samples were then calculated from the calibration curve in 

pg r \  taking the volumes used and the dilution factor into account. The contribution of 

phaeophytin a was not estimated.

2.3.3.S Alkalinity

Alkalinity can be described as a measure of the combined concentration of anions of weak acids, 

principally bicarbonates (Stumm & Morgan, 1981). This was measured using the Gran titration 

technique (Gran, 1952) on the day of collection. Two 50 ml samples from each site were placed 

in wide conical flasks and 0.1 N hydrochloric acid was slowly dripped into them from a 5 ml 

burette with continuous smooth magnetic stirring. The samples were titrated until an end-point 

of pH 4.5 was obtained and the volume of acid required was recorded (Mackereth et a l , 1978). 

A standard soluticxi of 2 mM (4 meq 1'̂ ) sodium bicarbonate was also measured as a check. The 

alkalinity, expressed in meq 1̂  was calculated from the equation:

Alkalinity (meq 1̂ ) = (n x 1000/V) x v 

where n is the normality of the acid

V is the sample volume

V is the volume of acid required.

2.3 3.6 Conductivity

Conductivity measurements give an indication of the total quantity of dissolved inorganic solids 

present in a sample (Mackereth et al, 1978). Measurements were carried out using a Kent EIL 

2000 electrolytic conductivity cell (model 2022/670) and WPA conductance module on the day 

of collection. Approximately 100 ml of 10 meq 1'̂  (1412 pS cm^) potassium chloride solution 

(KCl) was used as a standard, and conductance recorded in ohms after soaking the electrode in 

the sample for 5 minutes. One water sample from each site was then brought to 25°C and 

measured in the same way.
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The conductivity in |iS (25°C) cm was calculated from the equation:

C = k/(l/R)

where C is the cell constant 

k is conductivity of standard

R is the conductance reading for the standard solution in 10̂  ohms.

eg. A typical conductance reading for the standard solution was 1380 x 10® ohms, giving a cell 

constant of:

C = 1412/1380 

C = 1.023

The conductivity of the samples is then:

Conductivity pS (25°C) cm^ = 1.023 x electrode reading in 10® ohms.

2.3.3.7 pH

pH was measured using a pHox electrode (model 42E, 0-14pH, 700-0-700 mV) stored in 3.5 M 

KCl, on the day of collection. Reference solutions and one sample from each site were brought 

to 20°C before measurement. After calibration with BDH pH 4.0 and pH 7.0 standard buffers, 

the electrode was soaked for 5 minutes in the sample and the reading taken. The performance 

of the electrode was tested at the start of analysis and thereafter frequently, using BDH pH 4.0 

and pH 7.0 standard buffers at 20°C, giving a Nemstian response of approximately 59 mV on 

all occasions.

2.3.4 Analytical methods employed at the Biodeterioration Laboratory, University of 

Hertfordshire.

NO3' analysis was carried out by the author at the above laboratory, under the supervision of Mr. 

S. Barnes.

2.3.4.1 Nitrate (NO3 ).

NO3 was measured on filtered samples using a N03 -selective electrode (Russell, model ISE93- 

3079) and reference electrode (Russell, model 90-0029) with readings displayed on a Solomat
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MPM 2000 millivoltmeter in mg l \  following the method of the Department of the 

Environment, National Water Council (1982).

Electrodes and the millivoltmeter were calibrated using a gain solution of 50 mg 1*̂ NO3-N and 

a standard solution of 2 mg 1'̂  NO3-N made from a potassium nitrate stock. One 50 ml sample 

from each site was analysed and the average concentration over a 30 second period was taken 

once the reading had stabilised to within 0.1 mg l \  All standards and samples were brought to 

25°C and were treated with a buffer before measurement, ccxitaining 50 ml of 1 M sulphuric 

acid, 136 g of potassium dihydrogen orthophosphate and 56 g of sulphamic acid made up to 1 

litre. All solutions were magnetically stirred during measurement. All analysis was carried out 

in the same week owing to availability of the equipment and to reduce errors between analytical 

batches, therefore samples were frozen on the day of collection and thawed for 24 hours before 

analysis.

2.3.5 Total nitrogen (TN)
Unfortunately it was not possible to undertake analysis of total nitrogen (TN) due to both the 

time-consuming nature of the procedure and difficulty in gaining access to facilities which would 

have produced reliable results. However, it can be argued from the literature that TN is not as 

important a measure as TP and if constraints allow only one measure of the N fraction to be 

analysed then it should be NO3 (B. Rippey, pers. comm.), as this is the available form and is 

more likely to be correlated with chlorophyll a concentrations and lake productivity. In lakes 

with a mean summer chlorophyll a concentration of less than 100 pg 1 \ P is more likely to be 

the limiting nutrient (Forsberg & Ryding, 1980) and therefore TN is not the most essential 

determinand. Furthermore, the major N sources in the waters of south-east England are diffuse 

run-off from agricultural land and point inputs of sewage water, and NO3 is generally the 

dominating N component in inputs of this nature (eg. Jensen et a l, 1992a).

2.4 Other water quality parameters

2.4.1 Water temperature and oxygen content

Water temperature and dissolved oxygen (O2) measurements were undertaken using an EIL 

meter, at all 31 sites on one occasion in August 1991, following two weeks of dry, warm and 

calm weather conditions to maximise the possibility of stratification being observed. Readings 

were taken at 20 cm vertical intervals down to a depth of 2 m from the water surface, thereafter 

in 40 cm intervals, except for one site (Mitchams Pit, No. 113) with a maximum depth of 12 m.
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which was measured at 1 m intervals. Measurements were carried out at the deepest point of 

each site. Temperature was recorded in °C and O2 in mg l \  later ccmverted to percentage 

saturation using standard tables (Wetzel & Likens, 1979).

2.4.2 Secchi depth

Secchi depth readings were undertaken at the same location and at the same time as the 

temperature and Og profiling, in order to provide an estimate of the transparency of water to 

light The Secchi disk transparency was taken to be the depth at which a 20 cm diameter 

weighted white disk disappeared from view when lowered over the shaded side of the boat 

(Wetzel, 1983). The data are expressed in metres.

2.4.3 Maximum water depth

An estimate of maximum water depth was undertaken at the same time as the collection of the 

surface sediment samples in summer 1990. Each site was traversed by boat along a number of 

transects with an echo sounder, and the maximum depth was recorded in metres.

2.5 Sediment coring techniques and preparation

2.5.1 Estimating sediment disturbance

An estimate of the extent of sediment disturbance at each site was made from field observations 

and communication with the site owners. For example, information cwiceming recent 

management practices, such as level-raising or dredging was important, as disturbance to the 

surface sediments may have occurred, thus making a site unsuitable for inclusion in the training 

set.

2.5.2 Surface sediment samples

A short core was extracted from the deepest point in each of the 31 sites, where possible, using 

a Kajak gravity corer (Kajak, 1966), or by hand with a perspex tube at very shallow sites, from 

an anchored inflatable boat, during July and August 1990. At some sites, maximum sediment 

accumulation did not occur at the deepest point, therefore an alternative location was found. Core 

lengths range from 4 cm to 35 cm. The uppermost 5 cms were extruded in the field at 1 cm 

intervals into watertight Whirlpak bags. The surface sediment sample (0-1 cm), from each core 

was subsequently analysed in the laboratory.
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The Troels-Smith (1955) sediment classification system and the Munsell soil colour chart were 

used to describe the wet surface sediment. Percentage dry weight (%DW) was determined by 

placing a sediment sub-sample in a weighed crucible and drying in an oven at 105°C for 24 

hours. Loss on ignition (%LOI) was subsequently determined by placing the crucible in a muffle 

furnace at 550°C for 2 hours. Samples were allowed to cool to room temperature in a desiccate 

before reweighing.

2.5.3 Estimating sediment depth

An estimate of the total sediment thickness at each of the 31 sites was undertaken by lowering 

a ranging rod into the water from a boat, at the same time and at the same sampling location as 

the collection of the surface sediments. The rod was forced into the sediment until it could go 

no further. This gave an indication as to which sites had sufficient depth of accumulated 

sediment to undertake long coring work at a later date.

2.5.4 Long sediment cores and stratigraphie analyses
Long cores were extracted from two selected sites in the region, using a modified wide diameter 

(8 cm) piston corer and Livingstone piston corer (Livingstone, 1955), operated from an inflatable 

raft. Core P91ELE from Eleven Acre Lake was taken in February 1991, and core P91MAR from 

Marswcxlh Reservoir, in April 1991. The cores were 113 cm and 142 cm respectively. The cores 

were extruded in the laboratory and sliced at 0.5 cm vertical intervals to a depth of 20 cm and 

subsequently at intervals of 1 cm to the core base. The slices were sub-sampled for %DW and 

%LOI, as described in 2.5.2. Additionally, wet density (WD) was determined in g cm^ by filling 

a pre-weighed 2 cm  ̂brass vial with homogenised wet sediment from selected levels, and then 

rewei^ing. Percentage carbonates (%CAC) were also calculated by placing the crucible into a 

muffle furnace at 950°C for two hours, after the %LOI measurements had been recorded, and 

finally reweighing (Dean, 1974). Troels-Smith and Munsell colour descriptions (as in 2.5.2) were 

recorded at selected levels of the cores.

2.6 Diatom preparation and identification 

2.6.1. Surface sediment samples

The tcp 1 cm (0-lcm) of each of the 31 Kajak cores was prepared for diatom analysis. 

Approximately 0.2 g of wet sediment was digested using the standard hydrogen peroxide method 

(Battarbee, 1986a). Wet sediment is preferable to dry, as breakage of diatom valves is kept to 

a minimum. Cover slips were mounted on to glass microscope slides using Naphrax mounting
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medium. Two sets of light microscope (LM) slides were prepared for each of the 31 sites. In 

addition, more concentrated suspensions were settled on to cover slips and mounted on to 

specimen stubs and then gold-coated in a sputter coater for scanning electron microscopy (SEM).

2.6.2 Core sediment samples

Selected levels of the two long cores were prepared for diatom analysis. 26 levels were prepared 

from core P91ELE at 2 cm intervals down to 20 cm, and at 5 cm intervals to 95 cm. No diatoms 

were found in the remaining 17 cm of the core. 21 levels were prepared from core P91MAR at 

5 cm intervals down to 60 cm, and at 10 cm intervals to the core base.

Preparation of the samples was similar to that described in 2.6.1. However, in this case a known 

weight of approximately 0.05 g of dry sediment was used to enable the later calculation of 

diatom cell concentrations and diatom accumulation rates (DAR) (Battarbee & Kneen, 1982). 

The concentration of diatoms in the sediment was calculated by the addition of a known number 

of 6.4 pm polydivinyl benzene microspheres, from a stock suspension calculated in a Coulter 

counter to contain 4.914 x 10̂  spheres ml'\ A known amount of between 1.5 and 2.0 ml of 

suspension was added to the prepared sample and microscope slides made as in 2.6 .1.

2.6.3 Identification and counting

The diatoms were identified and counted using a Leitz research quality microscope with a lOOx 

oil immersion objective and phase contrast, providing a lOOOx magnification. At least 500 valves 

were counted from each surface sediment sample and a minimum of 300 valves were counted 

from the core samples.

Taxa were identified to the species level or lower where possible, mainly following the 

nomenclature of Hartley (1986). Chapter 5 provides full details of taxonomy and Appendix 5, 

a full taxa list with authorities and codes. Scanning electron microscopy (SEM) was performed 

to refine the taxonomy of the small centric planktonic taxa and confirmation of taxon names was 

made possible by visits to Dr. N. J. Anderson, at the Danish Geological Survey, and Dr. H. 

Hâkansson, at the University of Lund.

Principal floras used in identification were Cleve-Euler (1951-1955), Hustedt (1930-1966), 

Krammer & Lange-Bertalot (1986, 1988, 1991a, 1991b), Patrick & Reimer (1966, 1975), 

Simonsen (1987), iconographs of the PIRLA project (Cambum et aL, 1984-1986), and numerous
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taxonomie papers to aid principally with planktonic, centric taxa, particularly, Hâkansson & 

Stoermer (1984); Stoermer & Hâkansson (1984); Hâkannson (1986); Stoermer et al. (1987); 

Theriot et al. (1987); Anderson (1990); and Hâkansson & Kling (1990).

2.6.4 Displaying diatom data

Surface sediment diatom data are expressed as percentage relative abundance. Plots of percentage 

abundance of diatom taxa along environmental gradients were produced using CALIBRATE 

(Juggins, unpubl.). Diatom data from the two cores (P91ELE and P91MAR) are expressed as 

percentage relative abundance, concentrations (cells gdw' )̂ and diatom accumulation rates 

(cells cm'  ̂yr*̂ ). Stratigraphie plots were generated using TILIA and TILIAGRAPH (Grimm, 

1991), following data transformation using the computer program TRAN (Juggins, 1991).

2.7 Radiometric dating techniques

2.7.1 '̂®Pb and “‘Ra

^̂ ®Pb occurs naturally in lake sediments as one of the radioisotopes in the decay series. It 

has a half-life of 22.26 years, making it suitable for dating sediments laid down over the past 

100-150 years. The total ^̂ ®Pb activity in sediments comprises supported and unsupported ^̂ ®Pb 

(Oldfield & Appleby, 1984). In most samples the supported ^̂ °Pb can be assumed to be in 

radioactive equilibrium with “ ^Ra and the unsupported activity at any level of a core is obtained 

by subtracting the ^R a  activity from the total ^̂ ®Pb.

^̂ ®Pb dates for sediment cores can be calculated using both the constant rate of ^̂ ®Pb supply 

(CRS) model and the constant initial ^̂ ®Pb concentration (CIC) model (Appleby & Oldfield, 

1978). The CRS model is most widely accepted; it assumes that the ^̂ ®Pb supply is dominated 

by direct atmospheric fallout, resulting in a constant rate of supply of ^̂ ®Pb from the lake waters 

to the sediments irrespective of net dry mass accumulation rate changes. If there are interruptions 

to the ^̂ ®Pb supply, for example sediment focusing, dates are calculated either by the CIC model 

or by using a composite of both models. The factors controlling the choice of model are 

described in full in Appleby and Oldfield (1983), and Oldfield and Appleby (1984).

2.7.2 "̂ Cs

^̂ Ĉs activity in sediments prior to the 1986 Chernobyl nuclear accident derives mainly from 

nuclear weapons testing fallout. Where this isotope is strongly ads(xbed on to sediments, the 

activity versus depth profile is presumed to reflect varying fallout rate and useful chronological
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markers are provided by the onset of fallout in 1954, and peak fallout in 1963.

2.7.3 Dating of the cores
Selected sediment samples from the cores were analysed at the Department of Applied 

Mathematics and Theoretical Physics, University of Liverpool. “ ^ a  and ^̂ Ĉs were 

analysed by gamma spectrometry using a well-type coaxial low background intrinsic germanium 

detector fitted with a NaI(Tl) escape suppression shield (Appleby et al., 1986). The other 

commonly observed artificial fallout radionuclides ^^Am and ^^Cs were not detected.

^̂ ®Pb derived depth versus age relationships for the core P91ELE were calculated using the CRS 

and CIC ^̂ ®Pb dating models and the well-defined ^̂ Ĉs peak was used to correct the ^̂ ®Pb dates, 

following procedures in Oldfield and Appleby (1984). A chronology from 0 cm to 40 cm of the 

core was generated, and dates below this level were extrapolated. ^̂ ®Pb dating of core P91MAR 

was more problematic due to very low activity. The most reliable estimate of the sediment 

accumulation rate was that derived from the well-defined ^̂ Ĉs peak and the chronology from 

0 cm to 85 cm was calculated using this method. The dates from 80 cm to the core base were 

extrapolated.

2.8 Data analyses
2.8.1 Data storage
The chemical data are stored on the Paradox Relational Database, Release 3.0 (Borland 

International, 1988) and the diatom data are stored on the DISCO database on a VAX 11/770 

at the Department of Geography, University College London (Munro et aL, 1990).

2.8.2 Principal Components Analysis (PCA)

PCA is a form of indirect gradient analysis which assumes a linear model. It is an extension of 

fitting straight lines and planes by least-squares regression in order to best explain the data. This 

is done by choosing the best values for the sites, known as "site or sample scores" (Jongman et 

aL, 1987). The slope of the line fitted for the environmental data against the PCA axis is the 

"environmental loading". Thus, a positive loading means that the value of the environmental 

variable increases along the axis, and a negative loading means that the value decreases along 

the axis.
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The site scores and environmental loadings obtained from a PCA can be used to prepare a biplot, 

so called because it is a joint representation of sites and environmental data. The environmental 

variables are represented by arrows in the biplot. The direction of the arrow indicates the 

direction in which the value of the environmental variable increases most, and the length of the 

arrow equals the rate of change in that direction. Environmental variables that are highly 

correlated have small angles between their arrows (ter Braak, 1990).

PCA was undertaken on both the envircmmental data in the preliminary survey and the training 

data-set, using CANOCO (ter Braak, 1987d) version 3.10 (ter Braak, 1990). PCA on a 

correlation matrix, with centring and standardization of the environmental data was performed 

in all cases. Standardization is required because the environmental variables are measured in 

different units (Jongman et al., 1987). In the preliminary survey, analysis was performed on 123 

sites, and 12 measured environmental variables, based on the single water sample from each site, 

(see Chapter 3 for full details).

For the training set, PCA was performed on 31 sites, and 14 measured chemical variables, 

expressed as annual mean values, except for chlorophyll a expressed as summer maximum. 

Additionally, maximum water depth based on a single measure, and Secchi depth expressed as 
a single August measurement were included in the training set PCA (see Chapter 4 for fuU 

details). In both surveys, the water chemistry data were logiQ-transformed to reduce skew 

distributions (except for pH, maximum water depth and Secchi depth).

2.8.3 Cluster analysis

Cluster analysis is a method for identifying groups in raw data and thus can provide information 

on data structure (van Tongeren, 1987). Cluster analysis was performed to classify sites with 

respect to their water chemistry characteristics in the preliminary survey data, expressed as in

2.8.2., using the NTSYS-pc SAHN clustering programme (Rohlf, 1988). An agglomerative 

method with a dissimilarity coefficient was used. The results are displayed in a tree matrix or 

dendrogram, illustrating the relations between sites and groups of sites. The hierarchical structure 

is indicated by the branching pattern.

Cluster analysis was performed on the diatom data for the two sediment cores to facilitate 

description by zones, using CONISS (Grimm, 1987), implemented by TILIA and TILIAGRAPH 

(Grimm, 1991). CONISS is a program for stratigraphically constrained cluster analysis by the
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method of incremental sum of squares.

2.8.4 Detrended Correspondence Analysis (DCA)

DCA is an extension of the method of weighted averaging, based on a unimodal response model, 

and is a modification of correspondence analysis (CA) or "reciprocal averaging" (RA) (Hill & 

Gauch, 1980). It is commonly used by ecologists to analyse species abundance data (ter Braak, 

1985). In this study, the results are displayed as biplots, in which the sites that lie close to the 

point of a diatom taxon are likely to have a high abundance of that species. The probability of 

occurrence of a species decreases with distance from its position in the plot. Species points on 

the edge of the diagram are often rare species.

DCA (with detrending by segments and non-linear rescaling of axes) was undertaken on the 

diatom species data, expressed as percentage relative abundance, in the surface sediment data-set 

of 31 sites, using CANOCO version 3.10 (ter Braak, 1990) to explore the principal patterns in 

the distribution of the diatom taxa. Only taxa that were present with a relative abundance of over 

1% in a minimum of two samples were included in this analysis. This resulted in 102 selected 

taxa from the original 310 taxa. Rare species were downweighted in all analyses (cf. Hill & 

Gauch, 1980).

2.8.5 Canonical Correspondence Analysis (CCA)

CCA was undertaken using CANOCO version 3.10 (ter Braak, 1990). This is a direct gradient 

technique, that simultaneously represents sites, environmental parameters and diatom taxa in low 

dimensional space (ter Braak, 1987a). Species are assumed to have unimodal responses and the 

axes are constrained to be linear combinations of the environmental variables. This analysis 

enables ejqjloration of the most important environmental variables in explaining the variation in 

the species data and acts as a data screening exercise to detect rogue samples. The CCA plots 

are interpreted in a similar way to the PCA biplots, with small angles between those 

environmental variables that are highly correlated, and with the longest arrows representing the 

variables with the highest variance, which are often the most important in the data-set.

CCA was performed on the 102 common diatom taxa (> 1% in a minimum of two samples), 15 

environmental variables (as described in 2.8.2, although Secchi depth was omitted owing to 

missing data), and 31 sites. The environmental data were expressed as i) annual means, and ii) 

winter means, except for chlorophyll a expressed as summer maximum, and maximum water
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depth based on a single measure. Rare species were downweighted in all analyses. One site 

(Mundon Hall Pond, No. 88) was found to be a significant outlier on the basis of its unusual 

diatom assemblage and was therefore made passive in subsequent CCA and in forward selection 

(see Chapter 6).

CCA with forward selection was performed on 30 sites (outlier made passive) using CANOCO 

version 3.10 (ter Braak, 1990), in order to identify a subset of the 15 environmental variables 

that explained statistically significant variation in the diatom species distributions. Forward 

selection orders the environmental variables according to the amount of variance they explain 

in the species data and their significance was tested using a Monte Carlo permutation test with 

99 unrestricted permutations (ter Braak, 1990). Variables were taken to be significant where p 

^ 0.05.

2.8.6 Weighted Averaging (WA) regression and calibration

Regression is the tool for investigating the nature of individual species’ response to the 

environment. As a regression technique, WA is a method of estimating species’ optima with 

respect to known environmental variables (ter Braak & Prentice, 1988). When a species shows 

a unimodal relationship with environmental variables, the species’ presences will be concentrated 

around the peak of this function (ter Braak & Looman, 1986). Therefore an intuitively 

reasonable estimate of the optimum is to take a weighted average of the values of the 

environmental variable over the lakes in which the taxon is present, with weights proportional 

to species abundance. The weighted average estimate of the optimum u^, is:

n

Uw.= 2 y iX i /  y+ 

i=l

where yj is the abundance of the species at site i; Xj is the value of the environmental variable 

at site i; y+ is the species total; and n is the number of sites (ter Braak & Prentice, 1988).

Calibration, follows regression and is the tool for inferring the environment from species 

composition at an individual site. WA is used in calibration to estimate environmental variables 

at sites from species’ optima, often referred to as "indicator values" or scores (ter Braak & 

Prentice, 1988). Assuming the unimodal species response model, species with their optima close 

to the environmental variable of a site will naturally tend to be represented at that site. 

Therefore, intuitively, to estimate the past environmental value at a site, one can take an average
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of the optima of the species that are present;

m

Xw. = z  Yk % / y+
k=l

where y,̂  is the abundance of species k; % is the optimum of species k; y+ is the species total; 

and m is the number of species at the site.

A number of studies assessing the performance of WA techniques in comparison with other 

regression and calibration techniques, principally maximum likelihood, have ctxicluded that WA 

combines simplicity with a good performance and is more realistic ecologically, statistically 

more robust and numerically more accurate, and thus is currently favoured over other techniques 

(ter Braak & van Dam, 1989; Biiks et al, 1990a).

In this study, WA regression and calibration were performed using WACALIB 2.1 (Line & 

Birks, 1990) and CALIBRATE (Juggins, unpubl.). WA regression and calibration was performed 

on the 31 sites in the training set, and the 102 selected diatom taxa to generate a transfer 

function for i) annual mean TP and ii) winter mean SRP. One site (Abbey Lake, No. 31) was 

a significant outlier and hence the analyses were re-run with the remaining 30 sites only. The 

annual mean TP and winter mean SRP optima and tolerances were calculated for each taxon in 

the 30 site data-set (see Chapter 7).

Results for both simple WA and WA(tol), which takes species’ tolerances into account by 

downweighting each species by its variance for the environmental parameter in question, were 

produced. The WA procedure provides the option of either classical or inverse deshrinking 

methods to correct the shrinkage in the range of inferred values, which results from the fact that 

the averages are taken twice. The inverse regression deshrinking method was used initially in 

all analyses as it gives a lower root mean square error (RMSE) of prediction for the data-set as 

a whole. However, classical regression was also performed on the finally selected data-sets in 

order to examine the impact of this latter analysis on the trend in the residuals (see Chapter 7).

The predictive abilities of the various models were assessed in terms of the r-squared correlation 

coefficient (r )̂, describing the relationship between observed and inferred values, and in terms 

of the apparent RMSE of prediction. The value of RMSE as an evaluating tool is discussed by 

Wallach and Goffinet (1989). As RMSE is under-estimated when based solely on the training
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set and no independent test set is available in this study, the computer-intensive procedure 

known as bootstrapping (Efron, 1982; Efron & Gong, 1983) was performed using WACALIB

3.0, an updated version (Line et al., 1991) with 500 bootstrap cycles, to derive a more realistic 

estimate of the overall RMSE of prediction for the training set (RMSEbj^). A subset of training 

samples are selected randomly from the original data-set to form a bootstrap training set of the 

same size as the original calibration set, and because sampling is with replacement, some 

samples will not be selected and so form a bootstrap test set, which is then used for the WA 

calculations (Birics et al, 1990a). This parallels the use of an independent test set. The RMSE,^ 

result is partitioned into RMSE of s^, which is the prediction error due to the estimation error 

in the taxon parameter used in WA, namely its WA optimum, and the RMSE of S2, which is the 

part of the error due to imperfections in the calibration function, even if the WA optima are 

known without error. The underlying theory is described in Birks et al. (1990a). Therefore, if 

the S51 component is small compared with the Sg component (ie. the ratio of s^/sj is low) then 

the training set is adequate to give reliable estimates of taxon optima by WA regression, later 

needed for WA calibration (cf. Stevenson et al., 1991).

WA calibration was performed on the two cores P91ELE and P91MAR to reconstruct annual 

mean TP values and winter mean SRP values, derived from the 30 site training set based on 102 

taxa. Simple WA without species’ tolerance downweighting and the inverse deshrinking 

regression method were used. Bootstrapping was performed, as described above, to derive RMSE 

of prediction for each of the fossil samples in the cores, expressed as (Est_se_p). Full details are 

given in Chapter 8 .

2.8.7 Displaying statistical data.

The environmental data are displayed as histograms, scatter plots, box plots and line graphs. 

Histograms were produced using the MAPICS plotting program (MAPICS, 1985), scatter plots 

and box plots were produced using CALIBRATE (Juggins, unpubl.), and line graphs were 

produced using Quattro Pro, version 3.0 (Borland International, 1991).

All ordination diagrams produced from PCA, DCA and CCA were plotted using CANODRAW 

version 3.00 (Smilauer, 1991) and CALIBRATE (Juggins, unpubl.). Diagrams of the results of 

WA analyses were generated using CALIBRATE (Juggins, unpubl.). Plots of the WA 

phosphorus reconstructions for the two cores, with standard errors of prediction were produced 

using TELIA and TILIAGRAPH (Grimm, 1991).
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CHAPTER THREE 

WATER CHEMISTRY OF PONDS IN SOUTH-EAST ENGLAND

3.1 Objectives
A preliminary regional water chemistry survey was undertaken in order to establish the water 

quality status of ponds in south-east England. The survey aimed to explore the chemical 

variables which best explain the variance in the data and to determine whether these water 

bodies are currently acid or nutrient rich, and hence whether the generation of a nutrient transfer 

function would be appropriate for this region. The most important chemical gradients were 

selected on the basis of this survey, and a subset of sites selected at intervals along these 

gradients to form the surface sediment diatom assemblage / modem water chemistry training set.

It was necessary to visit as many sites as possible to maximise the range and representativity of 

the chemical gradients in the data-set, and to provide enough suitable water bodies from which 

to select the training set sites. A total of 120 sites was considered to provide a sufficiently large 

and representative data-set for statistical analysis and was the logistical maximum, given the time 

constraints and the number of chemical variables to be measured. There are approximately 1500 

water bodies in the study region and therefore the sampled sites represent approximately 8% of 

the total in the region.

3.2 SSte selection strategy

3.2.1 Random selection of sites

The importance of a sound sampling strategy is well documented (eg. Hammond & McCullagh, 

1978; Green, 1979; Gauch, 1982; Birks & Gordon, 1985; Jongman et aL, 1987). If sites are 

selected entirely by personal judgement, bias will occur. Therefore, a methodical procedure is 

required in order to reduce the subjective element in selection to a minimum. Randomized 

procedures are almost always preferable to systematic ones. Jongman et al. (1987) note that 

randomization increases "the range of validity of the conclusions emerging from a research 

project" and "eliminates systematic errors (bias) and provides the basis for warranted application 

of inferential statistics (testing, estimation)."

Owing to the lack of published regional water chemistry data, the water quality status of 

artificial surface waters in south-east England is unknown. The potential for the occurrence of
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both acid and nutrient rich waters was discussed in Chapter 1, and in order to maximise the 

representativity of both types of water body in the initial survey a random sampling strategy was 

considered most appropriate. Given that both base-rich (ncm-susceptible to acidification) and 

base-poor bedrock (medium susceptibility to acidification) are equally represented (Figure 2.1), 

and a diverse range of land-uses exist within the defined study region, an unbiased survey of 

surface waters could be undertaken, with no weight attached to the likelihood of finding either 

acid or nutrient-rich sites, and hence no bias in the susceptibility of sites to either eutrophication 

or acidification problems.

Random number tables (Rohlf & Sokal, 1981) were used to obtain random grid references. The

10,000 random digits in the table are arranged in ten columns of five digits. For each five digit 

number, only the first four were used in order to generate a four digit 10 km  ̂grid reference. The 

first two digits determine the eastings of the grid square and the second two digits determine the 

northings. The tables were entered at row one, column one and were read vertically. The study 

regicMi falls into eight of the 100 km  ̂National Grid Squares. Taking each of these separately, 

four-figure grid references were generated until a total of 120 sites had been located on 1:25 000 

scale Ordnance Survey maps. For the selection procedure to be entirely random, an equal number 

of random grid references was generated for each of the eight squares. A total of 640 random 

numbers was generated (ie. 80 in each 100 km )̂ in order to locate 120 sites, as it was not 

possible to find a suitable water body at all the random grid references.

A number of criteria were introduced for rejection of points. These are quite arbitrary but this 

is considered to be acceptable providing that they are simple, do not create bias and are applied 

consistently so that the subjective element in selection is kept to a minimum (Hammond & 

McCullagh, 1978). The rules applied here are as follows:

a) reject points falling outside the defined working area.

b) reject points that do not lie on land.

c) reject points without a water body within the 10 km^

d) reject points where the only nearby water body is affected significantly by external 

influences (eg. in the centre of residential or industrial areas, adjacent to major roads) 

in order that the water chemistry was not heavily influenced by urban storm water run

off.

e) reject points where the only water body is smaller than 0.1 hectares.
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The following information was collated for each site using 1:25 000 Ordnance Survey maps and 

1:625 000 Quatemaiy and geological maps of the United Kingdom: site name; village or town; 

county; surface area; altitude (m); susceptibility classification; land-use; site origin; drift geology; 

solid geology; accessibility and ownership.

Figure 2.1 shows the distribution of the randomly chosen sites. The sites are widely and evenly 

distributed throughout the study region and all geological sensitivity classes are represented. All 

sites are at an altitude below 200 m OD., most sites lying below 100 m, and lake surface area 

ranges from 0.1 to 30 hectares. The origins of the sites include decoy ponds, ornamental ponds, 

boating lakes, reservoirs, mill ponds, disused gravel pits and castle moats. The land-use in the 

catchments of the sites includes arable farming, dairy farming, sheep grazing, deciduous and 

coniferous woodland, lowland heath and scrub, paikland and orchards, nature reserves, rural 

dwellings and urban residential areas. Therefore the randomly selected sites were thought to 

provide a good representation of all pond types in the region.

3.3 Water smnple collection and analyses

The 120 sites were visited on one occasion between mid-January and the end of February 1990, 

in order to collect a single water sample for a suite of chemical analyses. In practice, a total of 

123 samples were collected, as three landowners were interested in having a second pond on 

their property included in the analyses, in addition to the water body that had been randomly 

chosen. Eleven chemical determinands [pH, alkalinity, conductivity, Na*, K ,̂ Ca% Mg^, Cl', 

NO3', SO4" and absoibancy at 250 nm] were measured as described in Chapter 2 (2.2) and an 

estimate of the extent of sediment disturbance at each site was made as described in Chapter 2 

(2.5.1).

3.4 Results

3.4.1 Ranges and statistical distribution of the chemical variables

3.4.1.1 Overview

The full chemistry results for each site are presented in Appendix 1.1. Table 3.1 provides 

summary statistics for the water chemistry data, illustrating the broad range of values for each 

variable and reflecting the variation in water quality in the data-set. Arithmetic mean values were 

calculated with and without site No. 92, as the extremely high ionic concentrations at this site, 

particularly Na  ̂ and Cl , greatly influence the data. The range of values and frequency 

distributions for each variable (excluding site No. 92) are illustrated by histograms in Figure 3.1.
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Table 3.1 Summary statistics for the water chemistry data from 123 randomly 
chosen sites.

Detenninand Min Max Mean Mean (excl. 
No. 92)

Standard
deviation

pH 3.22 8.36 7.56 7.56 0.74

Alkalinity meq 1‘ BDL 9.84 3.30 3.28 2.09

Conductivity HS cm * 109 1696 563 557 317

Na+ Meql* 298 88950 1798 1084 7987

K+ Heql* 20 3310 223 206 413

Ca++ peql* 100 12525 4138 4089 2518

Mg"* Meql* 91 20710 767 603 1918

Cl Heql* BDL 114236 2116 1206 10241

SO4" jieql* BDL 11055 1795 1740 1871

NO3- Heql* BDL 4763 392 395 570

Abs.(250 nm) nm 0.02 0.73 0.18 0.18 0.11

TP Pgl' 6.8 1123 135 134 199

BDL = below detecticm limit (see Table 2.1)
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Figure 3.1 Frequency histograms for the measured chemical variables (n=122)
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Figure 3.1 (continued)
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3.4.1.2 pH

The pH data form a skew distribution. The nx)mental skewness calculation produced a high 

negative skewness of approximately -3.0, indicating that most values are greater than the mean. 

pH values for the full data-set range from 3.22 to 8.36. The majority of sites have a pH value 

in the range 7.0 to 8.5 with a mean for the data-set of 7.56. Only seven sites have pH values 

between 6.0 and 7.0 and on the whole this pH range is poorly represented in the data-set. Only 

five sites have a pH of less than 6.0 (No. 20 = 3.22; No. 35 = 4.35; No. 21 = 4.92; No. 33 = 

5.27; No. 28 = 5.85 ). Site No. 20 has an unusually low pH of 3.22.

3.4.1.3 Conductivity and alkalinity

Conductivity values range from 109 to 1696 pS cm'̂  with most sites falling in the range 200-800 

|iS cm^ and a mean value of 562.8 pS cm'\ Only 14 sites have extremely high conductivity 

values of over 1000 pS cm \  Alkalinity values are likewise generally high with a mean for the 

data-set of 3.30 meq l '\  The majority of sites fall in the range 1-7 meq l '\  The five low pH sites, 

expectedly have low alkalinities and are the only sites with values below 0.1 meq l '\  Five sites 

have high alkalinities of over 7 meq l'\

3.4.1.4 Major ions

There is great variation in the concentrations of all ions. Ca^ values approximate a normal 

distribution with a small number of very low and very high values and most values in the 

middle-range between 2000 and 6000 peq l '\  Similarly Na"̂  concentrations have a normal 

distribution with a small number of sites with values of less than 500 peq 1̂  and a small number 

with concentrations over 2000 peq l '\  and most sites falling in the range of 500 to 1500 peq l \  

K* values are generally moderate with a mean of 222.8 peq l \  Most sites have concentrations 

of < 200 peq 1̂  but the mean is heavily influenced by a small number of sites with very high 

concentrations of over 1000 peq l '\  The distribution of Mg"̂ * values also approximates a normal 

distribution with most sites in the range 200 to 600 peq 1̂  and only a small number of sites with 

values below 200 or greater than 800 peq l '\

Cl values are moderate to high. Most sites have concentrations between 500 and 2000 peq l'\ 

The high mean of 2116 peq 1'̂  is a result of a small number of sites with very high Cl values 

of over 2000 peq l \  values approximate a normal distribution with most sites falling in 

the range 500 to 2000 peq l '\  The high mean of 1795 peq 1 \  as for the other ions, is a result 

of a small number of sites with extremely high concentrations. NO/ values are moderate to high
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with a mean of 392 peq 1 \  Only one site (No. 2) has a NO/ concentration of over 

2000 peq V\

The order of abundance of major cations in this data-set in peq 1'̂  is: Ca** > Na'*̂  > Mg'^ > K*. 

The order of abundance of major anicMis in peq l \  assuming that alkalinity is principally HCO3' 

is: HCO3* > Cl > SO4- > NO3-.

3.4.1.5 Total phosphorus (TP)

There is a wide range of TP concentrations in the data-set, approximating a normal distribution. 

The values range from 6.8 to 1123 pg l '\  with a mean of 134.6 pg 1̂  and standard deviation of

199.3 pg r \  Only one site (No. 108) has a measured TP < 8.0 pg 1̂  and three sites (Nos 103, 

110 and 114) fall in the range 8-12 pg l \  The majority of sites have TP values in the range 30- 

200 pg 1 Ten sites have values over 400 pg l'\

3.4.2 Relationships between the chemical variables

All the chemical data were transformed to logjo to reduce skewness, except pH and absorbancy 

at 250 nm, and a matrix of product-moment correlations between the environmental variables 

was generated using CANOCO version 3.10 (ter Braak, 1990) (Table 3.2). Site No. 92 was 

omitted from the correlation calculations, as the extreme values at this site distort the 

relationships between the variables in the rest of the data-set. Linear relationships exist between 

variables and are significant at the 99.5% significance level (p ^ 0.005), where the cell values 

are shaded. Many of the relationships are highly significant because of the large number of 

samples (n = 122). The multiple scatter plot illustrates the relationships between the chemical 

variables (Figure 3.2).
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Table 3.2 Matrix of product-moment correlations between chemical variables 
for 122 sites
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Figure 3.2 Multiple scatter plot showing the relationships between the measured
chemical variables (n=122)
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3.4.3 Geographical distribution of the chemical variables

Figures 3.3 to 3.13 illustrate the geographical distributions of the chemical variables at the 123 

chosen sites. The following sections describe the results by variable. Refer to Figure 1.1 for 

geology map.

3.4.3.1 pH
There is no clear geographical pattern in the distribution of pH values (Figure 3.3). However, 

the five low pH sites all lie on base^xxjr geology in the west of the study region. Two sites lie 

on the Reading Beds near Beaconsfield (Nos 20 and 21), one site lies on the Lower Greensands 

near Guildfcwd (No. 35), and two sites lie on the Bagshot Beds near Woking (Nos 28 and 33). 

There is a tendency for the highest pH sites (pH > 8.0) to occur on the chalks and clays in the 

north and north-west of the study region, and for sites with a pH value in the range 6.0 to 8.0 

to occur in the south and south-west of the region, which is largely comprised of base-poor 

geology. This is particularly true of the Hastings Beds and the Greensands, where pH values are 

generally lower than in the remainder of the study region.

3.4.3.2 Conductivity and alkalinity

The distribution of alkalinity and conductivity values largely follows the pattern of pH, with 

lower alkalinity and conductivity sites occurring in the south and south-west of the study region. 

Proximity to the coast also seems to influence these variables as sites with very high values are 

found in coastal locations (Figures 3.4 and 3.5).

3 4.3.3 Major ions

Ca^ values show a marked geographical distribution (Figure 3.6). Sites with high concentrations 

are located in the north and north-west of the region on the chalks and clays, and generally sites 

with low Ca^ levels are located in the southern part of the region, dominated by base-poor 

geology. Na ,̂ K ,̂ Mg" ,̂ SO "̂ and Cl (Figures 3.7 to 3.11) follow a similar, though less marked 

geographical pattern to Ca^. In addition, proximity to the coast is important as the highest 

values for these ions are found at sites in coastal locations, especially in the case of Na  ̂and Cl 

values. Gorham (1957a) showed that salt spray has a major influence on the ionic composition 

of coastal loughs in the west of Ireland. A number of inland sites also have extremely high 

concentrations of these ions but they are scattered and show no clear geographical distribution. 

NO3 values show no clear spatial pattern (Figure 3.12).
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Figure 3.3 Geographical distribution of pH (n=123) in pH units
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Figure 3.4 Geographical distribution of conductivity (n=123) in pS cm*
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Figure 3.5 Geographical distribution of alkalinity (n=123) in meq 1
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Figure 3.6 Geographical distribution of C a^ (n=123) in peq 1
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Figure 3.7 Geographical distribution of Na" (n=123) in peq I*
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Figure 3.9 Geographical distribution of Mg^ (n=123) in peq V
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Figure 3.10 Geographical distribution of SO4 (n=123) in peq 1
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Figure 3.11 Geographical distribution of Cl* (n=123) in peq 1
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Figure 3.12 Geographical distribution of N O / (n=123) in peq 1
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Figure 3.13 Geographical distribution of TP (n=123) in pg I
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3.4J.4 Total phosphorus (TP)

TP concentrations display no obvious geographical distribution in the study region (Figure 3.13).

3.4.4 Ordination

3.4.4.1 Principal Components Analysis (PGA) with 123 active sites 

Principal components analysis (PGA) was undertaken to explore the chemical variables that best 

explain the variance in the data-set, and thus to identify the major environmental gradients. PGA 

also acts as a screening exercise to identify rogue sites with unusual or extreme chemistry. All 

123 sites and all 12 chemical variables (log transformed as above) were treated as active samples 

in the first instance. The eigenvalues and cumulative variance accounted for by the first four 

axes are listed in Table 3.3.

Table 3.3 Eigenvalues and cumulative variance accounted for in a PGA of the 

123 samples by 12 chemical variables data-set

Eigenvalue Cumulative variance

Axis 1 0.410 41.0

Axis 2 0.214 62.4

Axis 3 0.110 73.4

Axis 4 0.078 81.2

These high values indicate that the 12 measured chemical variables account for a large amount 

of the variance in the data. The biplot of axis 1 against axis 2 (Figure 3.14) shows that the first 

axis is correlated with the major cations Na\ K* and Mg**, the anions G1 and SO4", and 

conductivity. The small angles between the biplot arrows for these variables indicate that they 

are highly positively correlated and the length of the arrows indicates that these parameters have 

a high variance. Axis 2 is correlated with pH, alkalinity, Ga** and NO3' and the biplot arrow 

lengths demonstrate that these variables also have a high variance.

The group of sites at the top left of the diagram (Nos 20, 21, 28, 33, 35) are the sites with the 

lowest pH and alkalinity values in the data-set and also have low NO3' values. The group of sites 

at the top right of the diagram (Nos 2, 75, 86, 88, 89, 92) all have high coiductivity, alkalinity 

and ionic concentrations.
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The biplot of axis 1 against axis 3 (Figure 3.15) shows that axis 3 is correlated with TP, 

absorbancy at 250 nm and to a lesser extent NO3*. The length of the TP arrow indicates its high 

variance. The uppermost sites on the diagram are characterised by veiy high TP values (Nos 2, 

43, 88, 89).

B.4.4.2 Outliers

Site No. 92 has extremely high ion concentrations, particularly Na"̂  and Cl , and is an outlier on 

both biplots [Na+ = 88,950, Ca++ = 10,150, Mg++ = 20,710, Cl = 114,236, S O / = 11,055, aU 

in peg 1̂ ]. Sites 20, 21, 28, 33 and 35 were outliers as they were the only acid sites in the data

set (pH < 6.0).

3.4 4.3 Principal Components Analysis (PCA) with 117 active sites 

PCA was performed on the same data-set but in this case the outliers were made passive (ie. 

were given negligible weight). The six sites were treated passively and therefore 117 samples 

were active in this instance. The eigenvalues and cumulative variance accounted for by the first 

four axes are listed in Table 3.4.

Table 3.4 Eigenvalues and cumulative variance accounted for in a PCA of the 

117 samples by 12 chemical variables data-set

Eigenvalue Cumulative variance

Axis 1 0.435 43.5

Axis 2 0.211 64.6

Axis 3 0.108 75.3

Axis 4 0.079 83.2

The percentage of the variance explained by the first four axes is similar to the analysis 

including all sites, but in this case the first axis explains slightly more and the second axis 

slightly less variance due to the downweighting of the low pH sites, which reduces the 

impcMtance of axis 2 as it is correlated with pH. The low pH sites had undue influence on the 

ordination in Figure 3.14. Otherwise the configuration of the biplot of axis 1 plotted against axis

2 remains unchanged (cf Figure 3.14 & Figure 3.16). The biplot of axis 1 plotted against axis

3 (Figure 3.17) with 117 active samples illustrates the same grouping of sites as in Figure 3.15 

with the high TP sites at the top of the diagram, and the sites with high ionic concentrations on
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the right of the diagram. The configuration of the biplot is virtually the same as in Figure 3.15.

On all biplots, most sites form a cluster in the centre of the diagrams reflecting some degree of 

similarity. However the samples are not very close and there is a degree of scatter indicating that 

chemical gradients do exist.

3.4.5 Cluster analysis

Cluster analysis was performed on the full 123 sites and 12 variables data-set, as described in 

Chapter Two (2.8.3). The dendrogram or tree matrix is an efficient method for describing a 

system of nested clusters where each cluster has a corresponding level. In the dendrogram 

(Appendix 1.2) each horizontal line of dashes runs from a site number towards the left until it 

hits a fullstop. Here it bends and runs vertically until it connects to a horizontal line, mariced 

with an ’L’. The position of the fullstop along the horizontal axis marks the level value for that 

site; for example, the line from site No. 97a runs until it reaches a distance value of 1.49, the 

level at which cluster (Nos 1, 75, 103, 2, 88, 89, 97a) joins site No. 43.

The results of the cluster analysis confirm the groupings of sites produced by PCA. The acid 

sites form a distinct group at the bottcwn of the dendrogram (Nos 20, 21, 35, 33). This cluster 

joins the next at the level value 2.82, suggesting that this set of sites is greatly different from 

the next most similar cluster of sites. The high alkalinity and high conductivity sites revealed 

after PCA are included in the top cluster of the dendrogram (Nos 75, 88, 89). This cluster is 

separated from the next at a level value of 1.49 and is therefore quite distinct.

The cluster analysis reveals the same outlier as the PCA. Site No. 92 has the highest 

dissimilarity coefficient of 2.82, emphasising its dissimilarity to all other sites in the data-set. 

Site Nos 68 and 86 also have high dissimilarity coefficients of 1.61 and 2.61 respectively. All 

other sites appear to lie along a gradient and join the bottom cluster at level value 1.48 and the 

top cluster at level value 1.49. Level values do not exceed 1.17 in the whole of this main group, 

indicating some degree of similarity.

77



Figure 3.14 PCA bîplot of axes 1 and 2 for the 123 samples by 12 chemical
variables data-set
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Figure 3.15 PCA biplot of axes 1 and 3 for the 123 samples by 12 chemical
variables data-set
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 0 .0 -

PH 092

CL
• # NA

MG
« # 0 8 6 CA021#

COND

033#035# S04
020#

108#

103#

- 3.0
- 3.0 - 2.0 - 1.0 0.0 1.0 2.0 3.0 4.0 5.0

Axis 1= 0.410

79



Figure 3.16 PCA biplot of axes 1 and 2 for the 117 samples by 12 chemical
variables data-set
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Figure 3.17 PCA biplot of axes 1 and 3 for the 117 samples by 12 chemical
variables data-set
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3.5 Discussion

3.5.1 Introduction

The results of the preliminary survey illustrate the diversity of the chemistry of surface waters 

in south-east England. Individual site investigations would be necessary to account for the results 

at each site but unfortunately a study of this specificity is not possible in the framework or 

timescale of this thesis. This section is therefore restricted to a general discussion of the water 

chemistry characteristics of the sampled sites by variable, divided into sections based on the 

results of the PCA, and thus corresponding to the principal axes of variation in the data.

3.5.2 pH

Low pH waters are few in this data-set. The high negative skewness indicates that almost all 

sites have a pH value greater than the mean and that a small number of sites with very low pH 

values are heavily influencing the data. The major sources of base cations in the study region 

are those derived from geology and soils, but in addition road salts and sea salts may influence 

the base cation and alkalinity concentrations of these waters. The potential sources of nutrients 

are also numerous, for example, agricultural effluent, fertilizers, domestic sewage and industrial 

waste. Therefore, given the numerous sources of base cations and nutrients in the region, high 

pH waters would be expected. Similar neutral to alkaline pH waters have been observed at other 

lowland sites in England (eg. Gorham, 1957b), Scotland (eg. Harper & Stewart, 1987) and 

Northern Ireland (eg. Gibson, 1986, 1989).

However, on the basis of the Edmunds and Kinniburgh (1986) classification system of surface 

waters and their susceptibility to acid deposition, one would expect to find a greater number of 

acid surface waters in the data-set. Approximately 25% of the sampled sites lie on rock types 

classed as having medium acid susceptibility (Figure 2.1). However, only five sites, constituting 

4% of the data-set, have a pH of less than 6.0.

Three of the acid sites lie on medium susceptibility bedrock, two on the Bagshot Beds (No. 28 

and No. 33) and one on the Upper Greensands (No. 35). The other two acid sites (No. 20 and 

No. 21) are on the Reading Beds, classified as low susceptibility bedrock (Figure 2.1). However, 

despite the occurrence of these acid sites on base-poor geology, all five sites have high 

conductivities and ionic concentrations, suggesting that external sources of acid anions in 

addition to geology and/or atmospheric loading are responsible for the low pH values. Site No. 

20 has an extremely low pH of 3.22, attributed to the very high SO^" value of 8517 peq 1̂  from
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an unknown external source. The low pH value cannot be entirely accounted for by acid 

deposition as it is substantially lower than the mean pH of precipitation. These sites seem to 

have atypical water chemistry results for the region as a whole. All other sites in the data-set 

which lie on medium acid susceptibility bedrock have high pH values, high alkalinities and 

conductivities, and display no signs of sensitivity to acidification at present.

Freshwater sensitivity maps derived from solid geology, soils and land-use data at ITE [see 

Chapter 1 (1.4)] indicate that agricultural practices and base-rich soil types may override the 

influence of geological type on surface water chemistiy. Homung et al. (1990) demcmstrated that 

occurrence of fertile soils and agricultural land-use in Wales, results in a reduction in the 

geographical extent of surface water acidity that is predicted from solid geology alone. This also 

appears to be the case in south-east England, as regional surface water acidity is certainly not 

highlighted as a problem in the ponds studied here. The results thus confirm the predicted 

occurrence of acid surface waters from the ITE maps, and demonstrate that the Edmunds and 

Kinniburgh acid susceptibility classification (1986) based on solid geology, which has worked 

so well for predicting occurrence of acid waters in upland areas of Britain, does not seem 

appropriate for this region, where the additional effects of land-use appear to strongly influence 

water quality.

On the basis of these results a pH transfer function for the region would be inappropriate, given 

the small number of acid sites in the data-set and the lack of an even pH gradient. However, 

despite the statistically low percentage of acid sites occurring in the random survey, it is known 

from the palaeoecological studies at Woolmer Pond and Cranmer Pond (Beebee et al., 1990), 

both on base-poor bedrock in Hampshire, that surface water acidification does exist in south-east 

England. It is therefore suggested that further research into the impact of atmospheric deposition 

on water bodies in this region should subjectively target highly susceptible areas, where land-use, 

particularly agriculture and urbanisation, is less intense.

3.5.3 Conductivity, alkalinity and major ions

Conductivity, alkalinity and ionic concentrations are generally high. For example, conductivity 

values range from 109 to 1696 pS cm'\ compared with values of less than 100 pS cm'  ̂ for 

upland sites in the United Kingdom (Battaibee et al., 1988), and conductivities generally below 

500 pS cm'̂  in lowland areas of Northern Ireland (Gibson, 1986). High values might be 

explained by base-rich geology and soils, coastal influences or land-use. Harper and Stewart
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(1987) studied the impact of land-use cm the water chemistry of shallow lowland lochs in 

Scotland and showed that conductivity and total alkalinity maikedly increased with greater 

intensity of land-use.

Ca** concentrations are high, as expected, given the large proportion of sites lying on base-rich 

clays and chalks. The mean for the data-set is 4138 peq l \  compared with values of less than 

150 joeq 1̂  for sites on base-poor geology in upland areas of Britain (Battarbee et al., 1988) and 

values between 100 and 450 peq 1̂  in the English Lake District (Gorham et al., 1974; Sutcliffe 

& Garrick, 1988). However, the Ca^ levels are comparable with the high concentrations of the 

eutrc^hic lowland Shropshire meres of less than 500 to almost 5000 peg 1̂  (Reynolds, 1979).

The strong geographical distribution suggests that Ca^ values are largely controlled by geology. 

This is generally true for all the ions, although proximity to the coast is also influential, 

particularly on Na"̂  and Cl concentrations. The correlation matrix shows that Na"̂  is significantly 

correlated with C l, Mg'^ and K ,̂ indicating that these ions originate mostly from the same 

source. However, Ca^ is not significantly correlated with Na"̂ , nor is it strongly correlated with 

the other ions, implying that Ca^ is largely derived from a different source. A similar pattern 

was found in the limnological study of Rathlin Island in County Antrim (Flower, 1982), where 

Na  ̂was significantly, positively correlated with Mg^ and K*, and yet Ca^ was not significantly 

correlated with the other ions. This may be explained by the fact that Ca^ is expected to be 

derived from catchment sources, whilst other ions may also be atmospherically derived.

In most surface waters of the world the order of proportions of the major ions tends to be Ca** 

> Mg"  ̂ ^ Na  ̂ > and CO f > SO^" > Cl (Wetzel, 1983). However Na** and Cl assume 

greater concentrations in lakes near to the coast. Site No. 92 appears to influence the order of 

proportions of the major ions in this data-set because of the extremely high concentrations of 

Na* (88,950 peg 1'̂ ) and Cl (114,236 peg 1'̂ ) which are a result of coastal influences. This decoy 

pond is located close to the Blackwater Estuary in Essex and suffers from seawater infiltration 

via fleets in the sea wall (landowner, pets. comm.). This site heavily influences the mean values 

of all icxis in the data-set as shown in Table 3.1, where the results of excluding this site are 

presented. A number of inland sites also have high concentrations of Na* and C l, which might 

be explained by road salting (Beebee, 1987; Gibson, 1989) or the inflow of sewage effluent 

(Harper & Stewart, 1987).
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High concentrations of SO / (mean 1795 peq 1̂ ) are found at many sites. The usual range in 

waters is 100 to 625 neq 1̂  (Wetzel, 1983) but many sites in this data-set exceed 1000 peq l \  

Possible explanations for the high values are the geology, as drainage from calcareous areas 

tends to contain higher than average SO / concentrations (Nriagu & Hem, 1978); SO / derived 

from sea spray as values are high at coastal sites; SO/-containing fertilizers, given the extent 

of arable farming in the region; and atmospheric sources given the proximity of sites to 

industrial activity and the high regional sulphur deposition. SO / deposition in south-east 

England is 1-4 g dry-deposited S m ̂  yf^ (Barrett et al., 1987), which would result in high SO / 

concentrations even in alkaline waters with high buffering capacity.

NO/ concentrations are generally high. Average concentrations in unpolluted freshwaters range 

from undetectable levels to approximately 160 peq 1̂  (Wetzel, 1983), whereas in this data-set 

a number of sites exceed values of 500 |jeq l '\  The lack of a clear geographical distribution and 

the poor correlation between NO3 and the other ions suggests that NO3' concentrations may be 

highly influenced by land-use (for example, inputs from household sewage, industrial waste, 

agricultural discharge and N-based fertilisers) rather than geology. In some areas of the United 

Kingdom, a significant amount of NO3' is derived from atmospheric sources, for example in 

upland areas where surface water NO3' concentrations > 200 peg 1‘* have been recorded, related 

to industrial activity in the Pennines region (Battaibee et al., 1992). However, in south-east 

England, where agriculture is intense, atmospheric sources are probably minor in comparison 

with terrestrial inputs (cf. Wetzel, 1983). In Lake S(j)bygaard, a hypertrophic lake in Denmark 

(Jensen et al., 1992a), N loading from precipitation contributed less than 1% of the total N load. 

The main sources of N were diffuse ruiybff from agricultural land and point inputs of sewage 

water, and NO3 was found to be the dominating N source in the lake inflows.

The concentrations of Ca^, Na*, K*, Mg% SO/, Cl , and to a lesser extent NO3 , are positively 

correlated with conductivity and increase roughly linearly. Figure 2.2 shows the strong 

relationship between total dissolved ion concentration and conductivity. Ca^ has the strongest 

correlation with conductivity and also with alkalinity and pH, of all the ions, suggesting that 

Ca"  ̂ content of the bedrock has a significant influence on water chemistry. The marked 

geographical distribution of the major ions lends further support to this argument as high ion 

concentrations are associated with base-rich geology. PCA further indicates the strong 

relationship between Ca** and pH, alkalinity and conductivity as the angles between the biplot 

arrows of these variables are small. The other three major cations and Cl clearly all increase in
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the same direction, indicating the high ccxrelation between these variables (Figure 3.16).

3.5.4 Total phosphorus (TP)

TP was measured to provide an indication of the potential productivity of the water bodies. P 

is less stable than the major ions and is subject to greater seasonal variation. However, the 

samples were taken in winter, generally the period of lowest phytoplankton activity and 

maximum P content, and therefore the concentrations should provide a representative estimate 

of TP levels. TP concentrations are generally less variable than SRP concentrations. Therefore, 

given that time constraints allowed only one P fraction to be analysed, TP was considered to be 

a better single estimate of lake productivity than SRP.

Only site No. 108 with measured TP < 8.0 pg l '\  would be classed as oligotrophic, after the 

modified OECD lake trophy classification system (Jones & Lee, 1982; OECD, 1982). This water 

body is fed by springwater from a chalk aquifer and is protected to some extent frcxn 

anthropogenic inputs because of its bird sanctuary status. However, it is expected that during 

drier periods of the year, when the water level in the aquifer is low and the spring is not 

functioning, that the water chemistry may be different and TP concentrations may vary 

seasonally.

Three sites (Nos 103, 110, 114) fall in the range 8 - 12 pg l '\  classed as oligotrophic- 

mesotrophic. A small group of sites fall in the mesotrophic category (TP 12 - 25 pg 1'̂ ) and a 

few sites would be classed as mesotrophic-eutrophic (TP 25 - 40 pg 1'̂ ). All other sites have very 

high TP concentrations and would be classed as eutrophic (TP 40 - 100 pg 1'̂ ) through to 

hypertrophic (TP > 100 pg 1'̂ ). Ten sites have values greater than 400 pg 1'̂

The major sources of P in south-east England are agricultural (including effluent, phosphate- 

based fertilisers and animal waste), domestic (for example, effluent from local sewage woiks, 

and septic tanks associated with rural houses), and to a lesser extent industrial waste. Therefore 

both point and diffuse sources are important in this region. Regional densities of population and 

agricultural activity are high, and so the high concentrations of TP in the data-set are not 

unexpected. Collingwood (1977) conducted a survey of eutrophication in Britain and found that 

the most affected areas were the most heavily populated, including the south, south-east and 

Midlands. Similar TP ranges and high concentratiais have been observed in lakes in the 

agricultural lowland areas of Northern Ireland, where concentrations range from 0 to slightly
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over 2000 pg 1*̂ (Gibson, 1986, 1989). TP concentrations as high as 1000 pg have also been 

noted in shallow, productive lakes of the Norfolk Broads, affected both by agricultural drainage 

and sewage effluent (Osborne & Phillips, 1978). In a recent survey of the Cheshire and 

Shropshire meres in lowland Britain, annual mean TP values range from 54 to 1510 pg l'\ 

related to local mineralogy and farm effluent pollution (Moss et a/., 1993).

The lack of a clear geographical pattern in TP concentrations in the data-set suggests that land 

use and extent of urbanisation in the individual site catchments largely controls surface water 

P concentrations. There is certainly no correlation with geology. TP is significantly correlated 

with K* at the 99.5% level which indicates that at a number of sites, fertilisers, which contain 

K ,̂ may be the major source of nutrients. TP is positively correlated with NO/ but only at the 

95% significance level. In this data-set, some sites have both very high values of TP and NO/, 

and may be receiving nutrients from more than one source (for example. Nos 2, 9, 78, 80, 89 

and 120). In contrast, some sites with very high concentrations of TP have relatively low NO/ 

concentrations (for example, Nos 6 , 14, 31, 43, 65, 90) and vice versa, where sites have high 

NO/ but relatively low TP levels (for example. Nos 5, 7, 15, 46, 96, 99, 105, 106, 108, 114, 

115). A number of studies have shown that NO/ often shows no significant correlation with P 

fractions (eg. Gibson, 1986, 1989). This is because in many cases as one nutrient increases the 

other will become limiting and this seems to be the case in the latter groups of sites. Therefore 

both P and N enrichment occurs in south-east England. Individual site investigations would be 

required to identify the particular nutrient source at a given site and this is not possible in a 

study of this kind, given the large number of sites and the time constraints.

TP is positively correlated with absorbancy 250 nm. This is most probably a result of P 

enrichment increasing lake productivity and biomass, and thus the waters become more highly 

coloured, turbidity increases and clarity is reduced. The PCA biplot (Figure 3.17) further 

indicates this relationship as the arrows increase in the same direction. Absorbancy 250 nm is 

positively correlated with to a greater extent than to TP. This may be associated with 

agricultural run-off and particulate matter, particularly fertilisers containing K̂ , entering the 

water and increasing the amount of suspended solids and ultimately reducing water clarity.

Lake trophic status, here indicated by the nutrients TP and NO/ is important in e^laining the 

variance in the water chemistry data, as indicated by PCA (Figure 3.17). Nutrient gradients exist 

with sites evenly distributed over a large range of values. This suggests that the range of
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concentrations found in water bodies in the study region are well represented by the random 

survey.

3.6 Summary

One can conclude that despite the variability of the chemical characteristics of these water 

bodies, the majority of sites have high pH values, high alkalinities and are rich in base cations, 

and consequently are high conductivity waters. The waters also have high concentrations of 

nutrients. These data are based only on spot water samples and therefore the results presented 

here neglect any seascxiality. However, given that all sites were sampled at the same time, it can 

be argued that the relative differences are preserved, and consequently the data are adequate to 

provide a basis on which to select a subset of sites for further study.

Given the lack of acid surface waters in the data-set, a pH transfer function cannot successfully 

be generated as pH values are not represented evenly, and diatom response on the acid-side of 

neutrality could not be fully explored. Furthermore, the statistically low percentage of acid sites 

in the survey suggests that surface water acidity is not a widespread regional problem in south

east England and therefore a pH transfer function would not be particularly relevant and its 

usefulness would most certainly be limited.

The existence of a good TP gradient indicates that the data are suited to the generation of a 

nutrient transfer function, as diatom response over a wide and full range of nutrient 

concentrations can be investigated. Furthermore, one can conclude from this survey that a large 

number of water bodies in south-east England have high TP and NO/ concentrations and most 

would be considered moderately to strongly eutrophic. The data-set highlights the susceptibility 

of this lowland region to eutrophication problems, and indicates that a nutrient transfer function, 

which potentially enables the reconstruction of trophic status, providing water managers and 

conservationists with estimates of pre-enrichment nutrient levels, is highly desirable and 

apfwopriate for this part of Britain.
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CHAPTER FOUR 

TRAINING SET SITES AND ENVIRONMENTAL VARIABLES

4.1 SSte selection

4.1.1 Objectives

Statistical analysis of the chemistry of the 123 sites in the preliminary survey determined the 

chemical variables which best explain the variance in the data and the gradients along which the 

sites are most evenly distributed. From the results a representative subset of 30 sites was selected 

to form the basis of a surface sediment diatom / modem water chemistry training set, 

subsequently used to generate a nutrient transfer function. It was important to maximize variation 

along the chosen chemical gradients when selecting sites, so that species response to the 

environmental variables could be explored over as wide a range as possible.

This chapter firstly describes the selection procedure for the 30 site training set. The second 

section (4.2) describes the environmental data collected for these sites and the final section (4.3) 

discusses the limnological characteristics of the selected waterbodies, with section 4.3.3 focusing 

on the seasonality of the nutrient chemistry.

4.1.2 Site selection procedure

The training set sites were selected along the two major environmental gradients, TP and 

conductivity, identified in Chapter 3. The importance of these gradients is summarised below. 

Although pH was important in PCA, it was not used as a variable in training set site selection 

because there were very few acid sites, thus creating a highly skewed distribution, which is not 

suitable for statistical modelling of species response. Furthermore, given that the aim here is to 

develop a nutrient transfer function, it was important that all the low pH sites were omitted 

because diatoms are known to be strongly influenced by pH, and in order to explore diatom 

response to nutrients it is essential that pH is held as constant as possible across the data-set. 

Consequently, a TP - conductivity matrix was the best way to derive a representative set of sites. 

Other criteria such as extreme water chemistry values and extent of sediment disturbance were 

also included in the site selection procedure, as discussed below.
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4.1.2.1 Total phosphorus gradient
The reasons for using the TP gradient for site selection were:

(1) P is the element known to be essential to the growth of all plants and is often the limiting 

element in aquatic ecosystems. Chapter 1 outlined the relationships between diatoms and 

nutrients, particularly the biological significance of P.

(2) Given that lake enrichment appears to be widespread in south-east England, a regional 

nutrient transfer function is appropriate. In this data-set, TP provides the best estimate of the 

current nutrient status of the sampled water bodies and is frequently used as an estimate of lake 

trophic status in the eutrophication literature.

(3) TP values in the data-set approximate a normal distribution and cover a broad range, and are 

therefore suitable for generating a training set.

(4) The potential of diatom-P transfer functions to address lake eutrophication questions is yet 

to be fully assessed.

The range of TP values in the data-set were split into six classes, based on the well established 

modified OECD trophic classification system (Jones & Lee, 1982; OECD, 1982). The selected 

classes were as follows:

TP (pgl') TP (logio 1'̂ ) Classification

0-12 0.0 - 1.1 Oligotrophic/Mesotrophic

12-25 1.1 - 1.4 Mesotrophic

25-40 1.4 - 1.6 Mesotrophic/Eutrophic

40-100 1.6 - 2.0 Eutrophic

100-400 2.0 - 2.6 Hypertrophic

>400 > 2.6 Strongly hypertrophic
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4.1.2.2 Conductivity gradient
The reasons for using the conductivity gradient for site selectiai were:

(1) Conductivity is of interest in terms of identifying unknown ionic sources (ie. non-geological). 

Some of the highest conductivity values in the data-set, though still classed as freshwater, are 

approaching the lower end of the brackish water category (eg. > 1000 pS cm ̂ ) and may affect 

diatom populations. Kolbe (1927) suggested that diatom assemblages were sensitive to salinity 

changes, particularly Cl concentrations, and he proposed the "halobian" system, whereby taxa 

are classified according to their salinity preference. This system was later modified by Hustedt 

(1957), and further still by Simonsen (1962) and Ehrlich (1975) to consider the total salinity 

range of a species rather tiian its optimum alone. A number of studies have demonstrated that 

water conductivity can influence diatom communities (eg. Moss, 1980; Flower, 1982; Juggins, 

1992).

(2) Conductivity explains a large amount of variation in the data-set (as shown by PCA), 

covering a broad range of values, and approximates a ncwmal distribution thus providing an even 

environmental gradient. Furthermore, it is well correlated with, and acts as a surrogate for, total 

ionic concentration.

The range of conductivity values in the data-set were split into five classes, based on the 

statistical distribution of values along the gradient. The classes were chosen so that 

approximately equal numbers of sites occurred in each of the mid-range classes, and fewer sites 

occurred in the lowest and highest classes (ie. those with extreme values). The selected classes 

were as follows:

COND (pS cm'̂ ) COND (loĝ g pS cm'̂ )

100-300 2.00 - 2.47

300-400 2.47 - 2.60

400-600 2.60 - 2.78

600-1000 2.78 - 3.00

> 1000 >3.00
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4.1.2.3 Other criteria

Five sites, which had pH values of less than 6.0, were removed from the data-set, prior to site 

selection, for the reasons discussed above:

No. 20 Littleworth Common Pond pH = 3.22

No. 21 East Bumham Common Pond pH = 4.92

No. 28 Rapley Lake pH = 5.85

No. 33 Englemere Pond pH = 5.27

No. 35 Generals Pond pH = 4.35

Four other sites also had extreme water chemistry values, and were therefore removed from the 

site selection procedure:

No. 1 Ardley Wood Pcwid: this site had an extremely high alkalinity of 9.84 meq l '\

No. 26 Theale Green Pool: this site had very high concentrations of the major ions, particularly 

Ca^ and SO4 ".

No. 92 Decoy Pond: this site had extremely high concentrations of all the major ions, 

particularly Na* and Cl .

No. 103 Burwell Pit: this site had extremely high concentrations of Na ,̂ Mg"  ̂and SO4".

An additional 16 sites had to be excluded from the data-set on the grounds that they were 

physically unsuitable for further work, either because the sediments were subject to disturbance 

or very little sediment had accumulated. These sites and reasons for their exclusion are 

summarized below:

No. 2 Fewcott Village Pond: this site was almost dry, suggesting that in periods of low rainfall, 

it was likely to dry out completely, possibly disturbing the surface sediment and making 

it impossible to monitor the water chemistry.

No. 8 Upper Drakeloe Pond: this site is drained annually, causing disturbance to the flocculant 

surface sediments.
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No. 9 Segenhoe Manor: this site had very disturbed surface sediment, principally due to 

tranq)ling by animals.

No. 14 Baldon Pond: this site had badly disturbed surface sediment due to tree fall during the 

storm in February 1990, and was used as a farm dump.

No. 41 Mere Pond: this site was highly disturbed by storm damage and had a very variable 

water level.

No. 43a Passfield Common Pood: this site had been disturbed by recent level-raising.

No. 59 Fourwents Lake: this site received large amounts of clay inwash from surrounding public 

footpaths.

No. 60 Roman Woods Pond: this site had been disturbed by recent level-raising.

No. 75 Moneypenny Farm Pond: no organic sediment was found at this site.

No. 80 Snodland Reservoir: this site was an active reservoir, receiving pumped river water.

No. 87 Prittlewood Priory Pond: this site was located in an urban park and was subject to 

disturbance by the public. Also, very little organic sediment was found.

No. 94 Brightlingsea Hall Pond: this site was drained annually.

No. 96 Bayfordbury Pond: this site was disturbed by annual fish-netting.

No. 104 Hall Pond: this site was cleaned out in March 1990.

No. 110 Hauxton Pool: refused access to site for coring work.

No. I l l  Burk Pond: refused access to site for coring work.
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A total of 25 sites were excluded from the original 123 prior to the selection of sites to form the 

training set. The remaining 98 sites formed a site selection grid.

4.1.2.4 Site selection grid

The two chemical gradients were used as axes in order to generate a six by five grid (Figure 

4.1). The data were logig-transformed to reduce skewness, to spread die sites and avoid clustering 

on the diagram. TP was plotted on the x-axis and conductivi^ on the y-axis. The six classes for 

TP and the five classes for conductivity were overlaid on the plot to produce 30 grid-squares. 

The objective was to select one site from each grid-square to maximize the variation in the 

chemistry of the sites chosen. However, some squares contained no sites and so the next most 

chemically similar site was chosen. Within each grid square, the least distuibed site with the 

deepest sediment at the point of maximum water depth was selected. This was established from 

discussions with the landowners and from field observations. An extra site was randomly chosen 

to allow for the loss of a site during the sampling programme.

4.1.3 Site descriptions

The selected 31 sites were widely distributed throughout the study region, although no sites were 

located in Oxfordshire or Berkshire in the west of the study area, and a cluster of sites occurred 

on the Upper and Lower Greensands in Hampshire. Figure 2.1 shows the location of the 31 

selected sites, indicated by black squares. The selected sites lie on a range of geology with ten 

sites located on base-poor bedrock (Hastings Beds, Upper and Lower Greensands and Bagshot 

Beds) and the remaining 21 sites lying on the clays or chalks (refer to Figure 1.1). All sites are 

at low altitudes, ranging from 3 m to 135 m OD. All sites are small with surface area ranging 

from 0.1 hectares to 27 hectares, and all are very shallow (maximum water depth < 4 m), with 

the exception of site No. 113, which has a maximum water depth of 12.0 m. Maximum water 

depth in the data-set ranges from 0.2 m to 12.0 m.

The origins of the 31 water bodies include hammer ponds, fish stock ponds, gravel and clay pits, 

decoy ponds, ornamental pcmds and water supply. A variety of land-uses are found in the 

catchments, including arable farming, dairy farming, lowland heath and scrub, deciduous and 

coniferous woodland, extraction, recreation and both rural and urban residential areas. Therefore, 

the selected sites are thought to represent most types of pond found in the region, with the 

exception of acid waters. The site names, grid references and site codes are presented in Table 

4.1, and full site descriptions are given in Appendix 2.
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Table 4.1 Site names, grid references and site codes for the 31 training set sites

Site name Site code Grid reference

Eleven Acre Lake 004 SP 675369
Grendon Quarter Pond 007 SP 869602
Abbey Lake 031 SU 844199
Fleet Pond 034 SU 820550
Hammer Pond 037 SU 915402
Frensham Little Pond 042 SU 860415
Abbotts Wood Lake 050 TQ 568078
Cinder Hill Lake 053 TQ 380289
Albury Mill Pond 057 TQ 040479
Shortheath Pond 058 SU 775368
Wiremill Lake 065 TQ 367417
Hartwell Pond 069 TQ 481366
Sissinghurst Lake 073 TQ 809384
Farthings Lake 074 TQ 735147
Beachborough Lake 076 TR 172377
North Pool 079 TR 012628
Lower St Clere Lake 082 TQ 578587
Boldermere 083 TQ 075585
Childerditch Pond 085 TQ 614904
Blue Lagoon 086 TQ 799868
Mundon Hall Pond 088 TL 881027
Bonnington Lake 098 TL 410132
Lily Lake 100 TL 527121
Wintry Wood Lake 101 TL 472033
Branches Paik Lake 105 TL 713555
Debden Lake 107 TL 545335
Fowlmere Spring 108 TL 405450
Hemingford Park Lake 112 TL 278706
Mitchams Pit 113 TL 608685
Decoy Lake 114 TL 320524
Marsworth Reservoir 120 SP 922137
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4.2 Environmental variables data-set
Having selected the 31 study sites, each site was visited on 13 occasions between October 1990 

and December 1991. Eight water chemistry variables were measured on each occasion, six water 

chemistry variables were measured at quarterly intervals, and a number of physical variables 

were measured on one occasion, as described in Chapter 2 (2.2) and (2.4).

Sections 4.2.1 to 4.2.3 of this chapter describe the results of the averaged environmental data for 

the whole data-set, whilst section 4.2.4 presents the seasonal chemistry results. The discussion 

has a similar structure, with section 4.3.2 focusing on the overall limnological characteristics of 

the water bodies in the data-set, whilst the seasonality and variability of the nutrients are 

discussed in the subsequent section 4.3.3.

4.2.1 Ranges and statistical distribution of the environmental variables.

4.2.1.1 Overview

Annual arithmetic means for each environmental variable at each of the 31 sites were calculated 

from the seasonal data. The arithmetic mean, minimum and maximum values of these annual 

means for each of the 16 variables in the data-set is given in Table 4.2, in order to provide a 

summary of the overall patterns in the data. The range of annual arithmetic mean values for each 

variable are described below and are presented as frequency histograms in Figure 4.2.

4.2.1.2 pH

The distribution of pH values approximates a normal distribution with most sites in the range 

pH 7.5 - 8.0. All the sites with a pH of less than 6.0 in the preliminary survey were excluded 

from the training set site selection procedure and therefore, as expected, all sites have annual 

mean pH values greater than pH 6.5. Two sites have very high mean pH values; No. 88 (pH = 

8.79) and No. 120 (pH = 8.59).

4.2.1.3 Conductivity and alkalinity

The range of mean conductivity values is quite large (206.5 |oS cm'̂  to 1327.11 pS cm' )̂ though 

generally values are moderate with a mean for the data-set of 520.82 pS cm \  Only four sites 

have mean conductivity values over 800 pS cm'̂  (Nos 79, 86, 88 and 112). Similarly, the range 

of alkalinity values is considerable (0.43 to 7.14 meq 1'̂ ) though almost all sites have moderate 

values with a mean for the data-set of 2.5 meq l \  Only one site (No. 86) has a mean alkalinity 

of over 5 meq l '\
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4.2.1.4 Major ions

There is a wide range of values of all the ions. Na  ̂values are moderate with most sites below 

2000 |ieq 1̂  and a mean for the data-set of 1433.35 peq l \  Only four sites have very high Na  ̂

concentrations over 2000 peq 1̂  (Nos 79, 85, 86 and 88). K* values approximate a normal 

distribution with a few low mean concentrations. For example, four sites have concentrations less 

than 50 peq 1'̂  (Nos 42, 58, 108 and 114). There are also a small number of very high values 

over 500 peq 1'̂  (Nos 86 and 88). The mean for the data-set is 213.6 peq l \  Mg^ values are 

generally moderate with a data-set mean of 664.25 peq 1'̂  and only five sites with mean 

concentrations over 1000 peq 1̂  (Nos 79, 85, 86, 88 and 112). Similarly Ca** values are 

moderate with most sites having mean values between 1000 and 5000 peq l '\  Four sites have 

high mean concentrations over 5000 peq 1̂  (Nos 7, 98, 100 and 112).

Cl values approximate a normal distribution with most sites in the range 500 to 2000 |jeq l'\ 

Only three sites have low Cl concentrations of less than 500 peq 1̂  (Nos 42,107 and 108) and 

there are five sites with very high mean concentrations exceeding 2000 peq 1'̂  (Nos 50, 79, 85, 

86 and 88). Similarly SO^" values are distributed normally with most sites in the range 500 to 

3000 peq l \  Only four sites have mean concentrations less than 500 peq 1̂  (Nos 42, 57, 58 and 

69) and three sites have very high values over 3000 peq 1̂  (Nos 86, 88 and 112).

4.2.1.5 Nitrate (NO, )

Mean NO/ concentrations cover a broad range from 0.69 to 5.58 mg 1̂  and a data-set mean of 

1.84 mg 1 \  Three sites have very low concentrations less than 0.75 mg 1̂  (Nos 58, 101 and

113) and five sites have very high concentrations over 4 mg 1̂  (Nos 37, 50, 57, 98 and 108).

4.2.1.6 Total and soluble reactive phosphorus (TP and SRP)

The distribution of TP values approximates a normal distribution with most sites in the range 

40 to 400 pg r \  Only three sites have mean TP concentrations below 40 pg 1'̂  (Nos 79,101 and

114) and only four sites have mean TP concentrations over 400 pg 1'̂  (Nos 31, 34, 65 and 120). 

The range of values is large covering an order of magnitude, though most sites have high mean 

TP values with a mean for the data-set of 188.8 pg l '\  Similarly, there is a broad range of SRP 

values in the data-set, ranging from 3.28 to 520.3 pg l '\  Values are generally moderate to high 

with a data-set mean of 83.7 pg l '\  Only five sites have a mean concentration below 5 pg 1'̂  

(Nos 4, 79, 83, 101 and 105). Five sites have high concentrations in the range 40 to 100 pg 1'̂  

(Nos 53, 73, 82, 88 and 98) and six sites have mean concentrations in excess of 100 pg 1̂  (Nos
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31, 34, 57, 65, 69 and 120).

4.2.1.7 Chlorophyll a

There is a wide range of chlorophyll a values in the data-set from 2.92 to 182.46 pg 1'̂  and a 

mean for the whole data-set of 31.49 pg l '\  Most sites have moderate mean concentrations with 

a total of 25 sites with values less than 40 pg l \  eleven of these being less than 10 pg l \  Only 

three sites have very high concentrations over 60 pg 1'̂  (Nos 98, 100 and 120).

4.2.1.8 Dissolved silica (SiOg)

Annual mean SiOg concentrations range from 0.22 to 4.30 mg 1'̂  and are generally moderate to 

high with a data-set mean of 2.00 mg l \  Only four sites have very low mean values of less than 

0.5 mg (Nos 58, 83, 101 and 114) and a further five sites have values in the range 0.5 to 1.0 

mg (Nos 79,88,105, 112 and 113). However, 22% of the sites have high concentrations with 

annual mean values in excess of 3 mg l'\

4.2.1.9 Maximum water depth

Maximum water depth values range from 0.2 m to 12.0 m. However, most sites have a 

maximum water depth in the range 1.0 to 3.0 m with a data-set mean of 2.02 m. Six sites are 

very shallow with values of less than 1.0 m (Nos 57, 83, 88, 100, 108 and 112) and only four 

sites have maximum water depths over 3.0 m (Nos 69, 85, 120 and 113, which is the deepest 

site with a depth of 12.0 m).

4.2.1.10 Secchi depth

Secchi depths range from 0.1 to 2.4 m. Most sites have low Secchi depths with a data-set mean 

of only 0.62 m. Only three sites have values over 1.0 m (Nos 69, 82 and 113). However, seven 

sites were not included in the statistical analyses (Nos 31, 37, 57, 105, 108,112 and 114) as the 

Secchi depth at these sites is greater than the maximum water depth and therefore true readings 

were not obtained.
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Table 4.2 Summary statistics for the (annual mean) environmental variables 
data from the 31 training set sites

Variable n mean min max

pH 31 7.74 6.83 8.79

Cwiductivity pS cm'^ 31 520.8 206.5 1327.1

Alkalinity meq 1̂ 31 2.5 0.43 7.14

Na* peql-^ 31 1433.4 380.0 7947.5

K+ peql'^ 31 213.6 30.5 2412.3

Mg^ peql*^ 31 664.5 133.5 4186.0

Ca^ peql* 31 3242.2 1050.8 7331.8

Cl p e q l‘ 31 1547.9 408.0 3524.8

SO, peql-‘ 31 1511.6 272.3 5583.3

NO/ mg 1'̂ 31 1.84 0.69 5.58

SiOz mg 1̂ 31 2.00 0.22 4.30

SRP P g l ' 31 83.69 3.28 520.31

TP lig 31 188.76 25.46 646.29

Chlorophyll a Mgl-^ 31 31.49 2.92 182.46

Maximum 
water depth

m 31 2.02 0.20 12.0

Secchi depth m 24 0.62 0.10 2.40
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Figure 4.2 Frequency histograms for the environmental variables, expressed as 
annual means (n=31)
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Figure 4.2 continued
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Table 4.3 Matrix of product-moment correlations between environmental 
variables for 31 sites
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Figure 4.3 Multiple scatter plot showing the relationships between the
environmental variables (n=31)
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4.2.2 Relationships between the environmental variables

Table 4.3 shows the product-moment correlation matrix (r values) for the 16 environmental 

variables at 31 sites, produced using CANOCO version 3.1 (ter Braak, 1990). The data are 

expressed as annual arithmetic means, except chlorophyll a, which is expressed as summer 

maximum, and all variables, except pH, maximum water depth and Secchi depth are logjo- 

transformed to reduce skewness. The significant relationships are maiked as follows in Table 4.3.

Shaded cell values: significant at the 99.0% significance level (p ^ 0.01).

Cell values in bold: significant at the 95.0% significance level (p > 0.01 < 0.05).

The multiple scatter plot (Figure 4.3) illustrates the relationships between pairs of environmental 

variables in the correlation matrix. Both the x axis and y axis are logjo-scaled from the minimum 

to the maximum value for each variable.

4.2.3 Ordination

Principal components analysis (PGA) was used to summarise the major patterns of variation 

within the environmental data. Analysis was performed on log-transformed annual mean values 

of the environmental variables, as described in 4.2.2. The PGA biplot of axis 1 against axis 2 

derived from the 16 environmental variables with all 31 sites active is shown in Figure 4.4. The 

sample scores and variable loadings for this analysis are listed in Appendix 4.1. The eigenvalues 

and cumulative variance accounted for by the first four axes are listed in Table 4.4.

Table 4.4 Eigenvalues and cumulative variance accounted for in a PGA of the 

31 samples by 16 environmental variables data-set

Eigenvalue Cumulative variance

Axis 1 0.322 32.2%

Axis 2 0.211 53.3%

Axis 3 0.139 67.2%

Axis 4 0.110 78.2%
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Figure 4.4 PC A biplot of axes 1 and 2 for the 31 samples by 16 environmental
variables data-set
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A reasonably large amount of the variance within the data is explained by the 16 environmental 

variables, and the first four axes explain 78.2% of the variance in the data. The first axis is 

highly correlated with conductivity, K*, SO4" and to a lesser extent the ions Na\ Mg^ and Cl . 

Therefore, this axis contrasts high conductivity sites, such as Nos 79, 86 and 88 on the right of 

the diagram, with low conductivity sites such as Nos 42, 53 and 58 cm the left of the diagram. 

Axis 2 is strongly correlated with the nutrients Si02, TP, SRP and chlorophyll a, contrasting 

nutrient-rich sites such as Nos 31, 98 and 120 at the top of the diagram, with nutrient-poor sites 

such as Nos 58, 83 and 101 at the bottom of the diagram. The variables pH, alkalinity, Ca^ and 

NO/ are ccxrelated equally with axis 1 and 2. Maximum water depth (MD) and Secchi depth 

(Sec) appear to be negatively correlated with axis 2 and its associated variables, althou^ they 

have short biplot arrows, reflecting their low variance and suggesting that these variables are not 

as important^thin the data (Jongman et al., 1987).

The contrast in the relative sizes of axes 1 and 2 is small (eigenvalues 0.322 and 0.211 

respectively) and the sites are scattered along both axes, suggesting that there are two important 

gradients of variation in the chemical data, namely conductivity (and the associated ions) and 

TP (and associated measures of productivity). These results were expected given that the 31 sites 

were selected along these two major gradients, and support the site selection based on the spot 

sample from the preliminary survey. The PCA results revealed no significant outliers, although 

the positioning of site Nos 79, 86 and 88 on the extreme right of Figure 4.4, indicates that these 

three sites have very high conductivity waters, substantially higher than the other sites in the 

data-set.

4.2.4 Seasonal chemistry data-set

4.2.4.1 Overview

Eight chemical variables (pH, alkalinity, conductivity, TP, SRP, SiOg, NO/, and chlorophyll a) 

were measured on 13 monthly occasions, as described in Chapter 2 (2.2) at all 31 sites, except 

site No. 42 which has only 11 data points and site Nos 88 and 107, which have only 10 data 

points, owing to access problems at the start of the sampling period. Six determinands (Na"̂ , K̂ , 

Mg*̂ , Ca^, Cl and SO4") were measured on four occasions at three monthly intervals at all 31 

sites. Two additional environmental variables, maximum water depth and Secchi depth, were 

measured at all sites cm only one occasion. These data are summarized in Appendix 3 as 

arithmetic mean, minimum and maximum values for each site. The seasonal data for selected 

variables that were monitored on a monthly basis are illustrated as box plots and line graphs (see
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4.2A.2 and 4.2.43). Temperature and Og profile data were collected as described in Chapter 2 

(2.4.1) and are plotted for each site in Figure 4.5. Site Nos 57, 108 and 112 had water depths 

of less than 40 cm on the day of sampling and therefore no profiles are presented for these sites.

4.2.4.2 Variation between sites

The seasonal data for the eight variables that were monitored on a monthly basis (ie. non-ionic 

chemistry) are presented as box plots (Figure 4.6) which illustrate the variation in values over 

the period October 1990 to December 1991 at each site. The horizontal line represents the 

median value, the upper and lower limits of the box represent the upper and lower quartiles, the 

limits of the bar lines extend to the maximum and minimum points which are within 1.5 times 

the interquartile range, and the open circles indicate extreme values outside this range.

pH shows little variation over the sampling period at most sites, although one or two extreme 

values were measured at some sites. Conductivity and alkalinity are also quite stable throughout 

the year except for occasional extreme values at a number of sites. However, both TP and SRP 

vary considerably over the year. In general, the sites with lower average TP experience less 

variation in TP concentrations (except for one high value in some cases) than sites with high 

average TP concentrations. For example Nos 4, 42, 58, 79, 101, 105 and 114 have less 

variability in TP concentrations than Nos 31, 34, 98, 100 and 120. This is also the case for SRP 

values, which are much less variable at sites with low average SRP concentrations (for example 

Nos 4,42, 58, 76, 79, 83, 101 and 105) than at sites with high average SRP concentrations (for 

example Nos 31, 34, 65, 98 and 120).

SiOg concentrations display marked variation over the sampling period at all sites. Variability 

of NO/ concentrations has a similar pattern to TP and SRP concentration variability with high 

average NO/ waters having greater variability (for example Nos 37, 50, 57, 98 and 108) than 

low average NO/ waters (for example Nos 58, 69, 83 and 101). Many sites have one or two 

extremely high NO/ values over the 15 month period. Chlorophyll a is also highly variable over 

the sampling period with values greater than 1.5 times the interquartile range at almost all sites.
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Figure 4.5 Temperature and percentage saturation profiles for the training 
set sites
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Figure 4.5 continued
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Figure 4.5 continued
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Figure 4.5 continued

• • % Ow9#n (0)
 T«mp#ratur# *C (T)

snt M

120

100

200

«TE 88
10 19

4 0 -

80

120

28 98 84

20___
,112 ; 140

29 T
-I 0

snc 08

29

40

120

180

200

«TE 100 

10 19

4 0 -  

8 0 -  

120-J

28 i
20 29 T

-I 084 J 1 2 / . 1 4 0
.••••■ /

«TE 101 

10 19

4 0 -

8 0 -

1 20 -

160-1

28 b4
20
X -

29

«TE 109

10 19 20

4 0 -  

8 0 -  

120-J

H 1 F
28 96 84 112 0

112



Figure 4.5 continued
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Figure 4.6 Box plots illustrating the variability of the environmental variables 
monitored on a monthly basis (pH, conductivity, alkalinity, TP, SRP, 
SiOj, NO) and chlorophyll a) for the 31 training set sites
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Figure 4.6 continued
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Figure 4.6 continued

Alkalinity in meq 1*‘
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Figure 4.6 continued
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Figure 4.6 continued

SRP in Mg I '
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Figure 4.6 continued
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Figure 4.6 continued 
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Figure 4.6 continued

Chlorophyll a in pg 1 *
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4.Z.4.3 Seasonal variation of the nutrient chemistry

The nutrients are the most variable of the chemical determinands measured and the seasonality 

of TP, SRP, NO/, Si02 and chlorophyll a at each site, over the period October 1990 - December 

1991, is illustrated by Une graphs in Figures 4.7 to 4.37. It is not feasible (nor is it the aim) to 

account for the nutrient concentrations at each point in time at each individual site in this study, 

given the large number of sites, their wide geographical distribution, and the sampling frequency. 

Therefore, the following section will describe the results by variable, rather than on a site by site 

basis.

The variation of TP concentrations in the 31 site data-set displays no overall marked seasonal 

pattern and appears to be quite site specific. Only six sites (Nos 4, 37, 86, 101, 105 and 114) 

have maximum winter TP concentrations and in all cases except CHie, this is the result of a single 

peak (ie. a high concentration in one month only). However, thirteen sites (Nos 7, 42, 50, 53, 

74, 76, 82, 83, 85, 88, 98, 107 and 108) have maximum summer TP concentrations, attributed 

to single peaks in many cases. Of the remaining sites, six have peaks in both winter and summer 

(Nos 31, 69, 73,100,112 and 113), four have high levels all year (Nos 34, 57, 65 and 120), and 

two sites fluctuate throughout the sampling period and display no seasonal pattern (Nos 58 and 

79).

The variation of SRP concentrations displays a marked seasonal pattern at some sites, with 55% 

of the data-set experiencing a decline in SRP concentrations in the spring months, maintaining 

low levels throughout the summer and highest levels generally occurring in the winter. Of the 

remaining sites, five have very high SRP concentrations throughout the year (Nos 31, 34, 57, 

65 and 120), five sites have maximum SRP concentrations in the summer (Nos 42, 82, 85, 86 

and 88) and four sites show no seasonal pattern at all (Nos 58, 83, 100 and 105).

The variation in NO/ values displays marked seasonality with 94% of the sites e^q)eriencing 

maximum NO/ concentrations in winter 1990/1991 or early spring 1991. Of these sites, two 

achieve maximum levels in December 1990, 16 in January 1991, five in February 1991, five in 

March 1991 and one in April 1991. In almost all cases, there is a decline in spring and low 

levels are maintained throughout the summer, followed by a slight increase again in the second 

winter (November/December 1991). The two remaining sites have high NO/ concentrations all 

year (Nos 37 and 57).
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Figure 4.7 Line graphs of the seasonality of variables: TP, SRP, SiOg, NO/, and
Chl-a, for the period October 1990 - December 1991, at Eleven Acre
Lake (No. 4)
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Figure 4.8 Line graphs of the seasonality of variables: TP, SRP, SiOg, NO/, and
Chl-a, for the period October 1990 - December 1991, at Grendon
Quarter Pond (No. 7)
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Figure 4.9 Line graphs of the seasonality of variables: TP, SRP, SiOg, NO/, and
Chl-a, for the period October 1990 - December 1991, at Abbey Lake
(No. 31)
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Figure 4.10 Line graphs of the seasonality of variables: TP, SRP, SiO ,̂ NOj., and
Chl-a, for the period October 1990 - December 1991, at Fleet Pond
(No. 34)
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Figure 4.11 Line graphs of the seasonality of variables: TP, SRP, SiOg, NO, , and
Chl-a, for the period October 1990 - December 1991, at Hammer
Pond (No. 37)
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Figure 4.12 Line graphs of the seasonality  ̂of variables: TP, SRP, SiOg, NO3*, and
Chl-a, for the period January 1991 - December 1991, at Frensham
Little Pond (No. 42)
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Figure 4.13 Line graphs of the seasonality  ̂of variables: TP, SRP, SiOg, NO/, and
Chl-a, for the period October 1990 - December 1991, at Abbotts
Wood Lake (No. 50)
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Figure 4.14 Line graphs of the seasonality of variables: TP, SRP, SiOg, NO/, and
Chl-a, for the period October 1990 - December 1991, at Cinder Hill
Lake (No. 53)
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Figure 4.15 Line graphs of the seasonality of variables: TP, SRP, SiOg, NO3', and
Chl-a, for the period October 1990 - December 1991, at Albuiy Mill
Pond (No. 57)
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Figure 4.16 Line graphs of the seasonality of variables: TP, SRP, SiOg, NO3 ', and
Chl-a, for the period October 1990 - December 1991, at Shortheath
Pond (No. 58)
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Figure 4.17 Line graphs of the seasonality of variables: TP, SRP, SiOg, NO/, and
Chl-a, for the period October 1990 - December 1991, at Wiremill
Lake (No. 65)
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Figure 4.18 Line graphs of the seasonality of variables: TP, SRP, SiO ,̂ NO3 *, and
Chl-a, for the period October 1990 - December 1991, at Hartwell
Pond (No. 69)
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Figure 4.19 Line graphs of the seasonality of variables: TP, SRP, SiOg, NO/, and
Chl-a, for the period October 1990 - December 1991, at Sissinghurst
Lake (No. 73)
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Figure 4.20 Line graphs of the seasonality of variables: TP, SRP, SiOg, NOj", and
Chl-a, for the period October 1990 - December 1991, at Farthings
Lake (No. 74)
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Figure 4.21 Line graphs of the seasonality of variables: TP, SRP, SiOg, NO/, and
Chl-a, for the period October 1990 - December 1991, at
Beachborough Lake (No. 76)
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Figure 4.22 Line graphs of the seasonality of variables: TP, SRP, SiOg, NO/, and
Chl-a, for the period October 1990 - December 1991, at North Pool
(No. 79)
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Figure 4.23 Line graphs of the seasonality of variables: TP, SRP, SiOg, NO/, and
Chl-a, for the period October 1990 - December 1991, at Lower S t
Clere Lake (No. 82)
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Figure 4.24 Line graphs of the seasonality of variables: TP, SRP, SiOg, NO3 *, and
Chl-a, for the period October 1990 - December 1991, at Boldermere
(No. 83)
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Figure 4.25 Line graphs of the seasonality of variables: TP, SRP, SiOg, NO/, and
Chl-a, for the period October 1990 - December 1991, at Childerditch
Pond (No. 85)
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Figure 4.26 Line graphs of the seasonality of variables: TP, SRP, SiOg, NO/, and
Chl-a, for the period October 1990 - December 1991, at Blue liigoon
(No. 8 6 )
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Figure 4.27 Line graphs of the seasonality of variables: TP, SRP, SiO ,̂ NO/, and
Chl-a, for the period February 1991 - December 1991, at Mundon
Hall Pond (No. 88)
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Figure 4.28 Line graphs of the seasonality of variables: TP, SRP, SiOg, NO3', and
Chl-a, for the period October 1990 - December 1991, at Bonnington
Lake (No. 98)
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Figure 4.29 Line graphs of the seasonality of variables: TP, SRP, SiOg, NO/, and
Chl-a, for the period October 1990 - December 1991, at Lily Lake
(No. 100)
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Figure 4.30 Line graphs of the seasonality of variables: TP, SRP, SiOg, NO/, and
Chl-a, for the period October 1990 - December 1991, at Wintry Wood
Lake (No. 101)
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Figure 4.31 Line graphs of the seasonality of variables: TP, SRP, SiO ,̂ NOj’, and
Chl-a, for the period October 1990 - December 1991, at Branches
Park Lake (No. 105)
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Figure 4.32 Line graphs of the seasonality of variables: TP, SRP, SiOg, NO3 ’, and
Chl-a, for the period February 1991 - December 1991, at Debden
Lake (No. 107)
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Figure 4.33 Line graphs of the seasonally of variables: TP, SRP, SiOg, NO/, and
Chl-a, for the period October 1990 - December 1991, at Fowlmere
Spring (No. 108)
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Figure 4.34 Line graphs of the seasonality of variables: TP, SRP, SiOg, NO/, and
Chl-a, for the period October 1990 - December 1991, at Hemingford
Park Lake (No. 112)
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Figure 4.35 Line graphs of the seasonality of variables: TP, SRP, SiO ,̂ NO/, and
Chl-a, for the period October 1990 - December 1991, at Mitchams Pit
(No. 113)
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Figure 4.36 Line graphs of the seasonality of variables: TP, SRP, SiOg, NO/, and
Chl-a, for the period October 1990 - December 1991, at Decoy Lake
(No. 114)
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Figure 4.37 Line graphs of the seasonality of variables: TP, SRP, SiOg, NO/, and
Chl-a, for the period October 1990 - December 1991, at Marsworth
Reservoir (No. 120)
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Chlorophyll a concentrations are highly variable at all sites and do not display a seasonal pattern 

across the data-set. Variation spears to be site specific. Twelve sites have maximum summer 

(June to September) chlorophyll a concentraticxis (Nos 4, 7, 34, 42, 50, 58, 65, 76, 82, 86, 98 

and 112) and six sites achieve maximum concentrations in spring (March to May) (Nos 31, 37, 

57, 79,113 and 120). Two sites (Nos 53 and 73) have single peaks with maximum chlorophyll 

a levels in November 1991. The remaining sites have peaks in concentration on two or three 

occasions during the sampling period, usually in spring, mid-summer and late autumn (Nos 74, 

83, 85, 100 and 107) or fluctuate throughout the year and display no marked seasonality (Nos 

88, 101, 105, 108 and 114).

The variation in Si02 concentrations displays a marked seasonal pattern across the data-set. All 

sites, except No. 113, which has a summer decline, have a clear decline in SiOg concentrations 

in spring, followed by an increase in the summer months; and 50% of sites experience a further 

decline in autumn.

4.3 Discussion

4.3.1 Introduction

The major ion chemistry of the total data-set was discussed in detail in Chapter 3 (3.5.3) and 

given that the 31 selected water bodies were a subset of the 123 sites, the data for the major ions 

will only be briefly discussed here. The following discussion will focus on the nutrient chemistry 

data, as most of the nutrient variables were not measured in the preliminary survey, they are 

more variable over the sampling period than pH, conductivity and the major ions, and an 

understanding of the behaviour of the nutrients is important for the development of a successful 

nutrient transfer function.

Scatter plots illustrating the relationship between the spot sample chemistry from 

January/February 1990 and the winter mean value calculated from the monthly data, for TP and 

conductivity are presented in Appendix 4.2. Although the actual values are different for some 

sites, the broad patterns in the data are similar with sites lying in approximately the same 

relative position along the environmental gradients in both data-sets. This indicates that a single 

sample can provide a reliable guide to the water chemistry of a site, and is adequate for site 

selection along environmental gradients. However, the differences between the TP values 

obtained from the spot sample and the seasonal data are clearly larger than those for 

conductivity. This variability suggests that regular sampling is required in order to produce
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reliable data for nutrient variables, and justifies the high frequency of sampling implemented 

here.

The first part of the discussion, section 4.3.2, will focus on the annual mean data in order to 

summarise the water chemistiy characteristics of the study sites and to determine the major 

patterns of variation within the environmental data. The latter sections, 4.3.3 and 4.3.4 will 

discuss the seasonal variation in the water chemistry of these sites, and the implications this has 

for sampling strategy design and the generation of a regional nutrient transfer function.

4.3.2 The limnologcal characteristics of the 31 study sites.

4.3.2.1 pH

There are no strcngly acid sites in the data-set, all sites having a mean pH greater than 6.5, as 

no low pH sites were selected. A small number of sites experience very high pH values (eg. Nos 

88 and 120), probably a result of base-rich geology (Eocene London Clay and Upper Cretaceous 

chalk respectively) and the additional effects of high nutrient inputs. High mean pH values may 

also occur due to summer photosynthesis, when utilization of CO2 in the trophogenic zone 

reduces COg content and increases pH (Wetzel, 1983). High pH values are often recorded from 

very productive lakes during summer algal blooms (eg. Forsberg & Heyman, 1984) and pH can 

undergo appreciable diurnal fluctuations, often exceeding pH 10 in these types of waters. For 

example, in hypertrophic Lake S(|)bygaard, Denmark, where primary production is very high, 

summer pH values of 10-11 were recorded (S<|)ndergaard, 1988; Jeppesen et al., 1990a). 

Photosynthetic activity also resulted in elevated pore water pH levels and high pH in the upper 

sediments, which in turn influenced sediment P release (S<j)ndergaard, 1988), as discussed in 

4.3.3.1. The PC A biplot (Figure 4.4) confirms that pH is not as important as either conductivity 

or P in explaining the variance in the data, as the pH arrow is short in comparison to the biplot 

arrows for these variables.

4.3.2.2 Conductivity, alkalinity and major ions

The range and frequency distributions of these variables are very similar to those in the 

preliminary survey, except that the sites with extremely high conductivity and ionic 

concentrations were not selected and hence the data-set mean for all these variables is lower in 

the 31 site data-set than in the preliminary survey. Only four sites have very high conductivities. 

Three of these sites are influenced by proximity to the coast. Site No. 79 is located near to the 

Swale Estuary, site No. 86 is near to the Thames Estuary, and site No. 88 is close to the
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Blackwater Estuary. All three sites have very h i^  concentrations of all the major ions, 

particularly Na* and Cl . At the remaining site, No. 112, on the Oxford Clay near Huntingdon, 

the high conductivity appears to be attributed to the very high concentrations of Ca** and SO "̂, 

and to a lesser extent Mg" .̂ The sources of these ions are not apparent, as the land-use is 

predominantly improved pasture for cattle grazing on a private estate.

The concentrations of the major ions are positively correlated with conductivity and increase 

roughly linearly. SO / has the strongest relationship with conductivity of all the ions. Potential 

sources of SO / were discussed in Chapter 3 (3.5.3). As in the preliminary survey, Ca^ is the 

ion best correlated with both pH and alkalinity. The strong relationship between pH, alkalinity 

and Ca^ is also illustrated by the PCA as the angles between the biplot arrows for these 

variables are small (Figure 4.4).

Three of the major ions, Na ,̂ and Mg" ,̂ and the major anions. Cl and SO / are all correlated 

with each other, suggesting that in many cases they are from the same source. The PCA biplot 

illustrates the relationship between these variables as their arrows all increase in the same 

direction along axis 1. Na* and Cl have a very strong relationship, indicating sea salt sources 

and also possibly road salt inputs at some sites, for example at site No. 83, which is adjacent 

to the major A3 trunk road, and site No. 100, which receives direct run-off from the adjacent 

lane. The elevated winter values of Na* and Cl at many sites may be explained by road salting, 

although road salts are generally very soluble and should be washed out quickly. The remaining 

cation, Ca^, is only significantly correlated with SO / of all the ions. This further suggests that 

Ca  ̂is derived from geology and soils, whereas the other ions are derived from non-geological 

sources to a large extent.

The order of abundance of the major cations in the data-set (in peq 1'̂ ) is Ca** > Na  ̂> Mg"  ̂> 

K*, and the order of the major anions, taking alkalinity as an estimate of HCO 3 ', is HCO 3  > Cl 

> SO/. This is consistent with the abundance of the ions in open waters over large regions of 

the temperate zone, where dominance of Ca^ and HCO3 ions generally prevails (Wetzel, 1983). 

However, as in the preliminary survey, proximity to the coast of many of the sites means that 

Na* and Cl assume greater concentrations than Mg"  ̂and SO / in the overall data-set, entering 

the waters either as groundwater or via rainfall.
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4.S.2.3 Nitrate (NO, )
NO/ concentrations in the data-set are generally moderate. The data-set mean is only 1.84 mg 

r \  whereas levels as high as 10 mg 1̂  can be found in unpolluted freshwaters (Wetzel, 1983). 

Four of the sites with mean NOj* over 4 mg 1̂  (Nos 37, 57, 98 and 108) are known to receive 

agricultural inputs, which could explain the higher than average levels in these waters. Similar 

high values have been observed at Loch Leven (winter NO/ concentrations of 3.5 mg 1'̂ ) 

situated in lowland Scotland in an agriculturally rich area, where nitrogenous fertilizers are a 

major source of NO/ (Bailey-Watts, 1988). Likewise, Slapton Ley, a shallow coastal lake in 

south-west England has NO/ concentrations of 3-7 mg l \  derived primarily from the large cattle 

population in the catchment (O’Sullivan, 1992). NO/ is also the dominant N source in the 

inflows of Lake S<|)bygaard, a small hypertrophic lake in Denmark, derived predominantly from 

agricultural run-off (Jensen et al., 1992a), and given the agricultural intensity in the south-east 

England catchments, it is likely that this is also the major N source in the present study. The 

NO/ source at the other site with high levels (No. 50) was not apparent, although the site has 

a large proportion of managed mixed woodland in its catchment, which may be a potential 

source via N fixation from the atmosphere and subsequent leachate from leaf fall and 

decomposition of leaf matter, or via rapid N release as a result of tree felling (cf. Wetzel, 1983).

NO/ is not significantly correlated with any of the major ions. This is illustrated by the PCA 

biplot (Figure 4.4) where the NO/ arrow increases in a different direction from the other 

variables and is not strongly associated with axis 1. This indicates that NO/ is largely derived 

from non-geological and non-atmospheric sources and is very much site specific. This supports 

the theoiy that NO/ is largely derived from agricultural run-off or sewage water in these ponds, 

and thus concentrations are influenced by land-use in the catchment.

NO/ is not significantly correlated with either TP or SRP. This has been noted in other studies. 

For example, Gibson (1986, 1989) detected no significant correlation between NO/ and any 

other factor in regional surveys of lakes in Northern Ireland. He concluded that NO/ 

concentrations were less indicative of the nutrient status of a lake than P fractions as NO/ levels 

often decrease with increased enrichment, because as the P supply is increased, the N supply is 

used to a greater extent. This appears to be the case in many of the waters in this data-set, 

indicated by the significant correlation between TP and SRP with chlorc^hyll a (discussed 

below), which does not occur between NO/ and chlorophyll a, suggesting that P is more 

indicative of the trophic status of the south-east England water bodies than N. However, one
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cannot attach too much weight to this argument as TN (and ideally the full range of N fractions) 

would need to be measured to draw any firm conclusions concerning the relationships between 

P and N in these waters. NO3 is significantly correlated with SiOg in the data-set, with a number 

of sites with relatively low concentrations of both variables (eg. Nos 58,79,101,113 and 114). 

These sites are amongst the least productive in the data-set with annual mean chlorophyll a 

concentrations of less than 10 pg 1 ̂  and relatively low TP concentrations. Similarly, a number 

of sites have very high concentrations of both NO3 and SiOg (eg. Nos 37, 57, 98 and 108). 

These sites also have high TP concentrations, and therefore all nutrients are in high supply.

4.3 2.4 Total and soluble reactive phosphorus (TP and SRP)

TP concentrations are generally high in the data-set, although there is a very wide range of 

values. Using the modified OECD lake trophy classification for TP, described in 4.1.2.1, only 

three sites (9.7% of the data-set) would be classified as mesotrophic-eutrophic. These sites are 

known to be largely unaffected by agricultural run-off and there are no point sources of P to 

these water bodies. A total of 8 sites (25.8% of the data-set) would be classed as eutrophic and 

20 sites (64.5% of the data-set) would be classed as hypertrophic with concentrations in excess 

of 100 pg r \  All of these sites have agricultural and/or urban development in their catchments 

and potential sources of P are great, as discussed in Chapter 3 (3.5.4). Most uncontaminated 

freshwaters contain between 10 and 50 pg TP 1'̂  (Wetzel, 1983) and therefore almost all of these 

water bodies would be considered to be contaminated.

SRP concentrations are likewise generally high in the data-set and cover a wide range (3.28 to 

520.31 pg r^). Similar values were measured in regional limnology surveys of agricultural 

lowland counties of Northern Ireland (Gibson, 1986, 1988, 1989), for example SRP 

concentrations ranged from 1 to 514 pg 1̂  in County Down, and from 1 to 401 pg 1*̂ in County 

Armagh. High SRP concentrations have also been measured in the lowland meres of Shropshire 

and Cheshire, ranging from 14 to 1700 pg l \  with levels of 12,040 pg 1̂  recorded at one site 

(Reynolds, 1979) and in the Anglian Water reservoirs, where SRP concentrations range from 9 

to 760 pg (Redshaw et al., 1990).

TP and SRP are very strongly, positively correlated. For example site Nos 79, 83, 101, 105 and 

114 have mean SRP values below 7 pg 1'̂  and also have the lowest mean TP concentrations in 

the data-set. Therefore the TP input to the water bodies has a large influence on the amount of 

P that is biologically available, although the percentage of TP that is SRP varies considerably
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across the data-set. For example, winter data were used to calculate SRP as a percentage of TP 

for a number of sites, and the values ranged from approximately 5% at site No. 100, 10-15% 

at site Nos 42 and 58, 20-25% at site No. 50, to over 50% at site Nos 31 and 57. Both TP and 

SRP are significantly correlated with chlorophyll a, as one would expect, given the well 

established relationship between these variables described in the literature (eg. Sakamoto, 1966; 

Dillon & Rigler, 1974; Vollenweider, 1976). However, there is a certain amount of scatter, 

indicating that P does not always directly influence chlorophyll a production. Factors such as N 

limitation (see 4.3.S.2) or light limitation at very high P levels may affect algal production 

(Canfield & Bachmann, 1981; Prairie et al., 1989; Stauffer, 1991).

The relationship between TP and chlorophyll a is expected to be weaker in shallow lakes, where 

TP is often largely particulate due to sediment resuspension, and thus a small proportion of TP 

is biologically available (S<j)ndergaard et al., 1992). Consequently, high TP ccmcentrations will 

not necessarily result in high algal productivity (eg. at site No. 58, where annual mean TP is 

52 pg r \  but only approximately 10-15% of this is available as SRP, and consequently the 

annual mean chlorophyll a concentration is only 7 pg 1'̂ ). In fact, an increase in particulate P and 

thus suspended solids has been shown to limit algal productivity owing to the reduction in light 

(Elber & Schanz, 1990). Most of the particulate P generally sinks to the lake bottom, and in turn 

enriches the sediments. Ultimately the internal load of P in the water body will increase and an 

increase in algal productivity will probably result, but because of this delay in biological 

response, a strong relationship between TP and chlorophyll a is not always observed.

TP is significantly correlated with (at the 95% level), as in the preliminary survey, again 

suggesting that fertilisers may be an important nutrient source at some sites. TP (and to a lesser 

extent SRP) is also significantly correlated with SiOg. This suggests that in many cases they may 

have a common source. Given that Si02 is largely geologically-derived from weathering 

reactions, and is not present in significant quantities in either agricultural or sewage effluent, the 

most likely source of both P and Si02 is the pond sediment. This is discussed in section 4.3.2.6.

4.3.2.S Chlorophyll a

There is a wide range of chlorophyll a concentrations in the data-set (2.92 to 182.46 pg 1*̂). 

Similar values have been recorded for lowland waters in agriculturally-rich areas elsewhere in 

Britain; for example, 4 to 284 pg 1'̂  in County Armagh, Northern Ireland (Gibson, 1989), and 

in other enriched lakes in Europe; for example, 1 to 200 pg 1'̂  in Sweden (Forsberg & Ryding,
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1980). However, the concentrations are considerably higher than those observed in the Anglian 

Water reservoirs (6-32 pg 1'̂ ) in Eastern England (Redshaw et al., 1990).

According to the trophic classification of Forsberg and Ryding (1980), only one site (No. 57) 

would be classed as oligotrophic based on its low chlorophyll a concentration (< 3 pg 1'̂ ). 

However, based on its TP concentration, this site would be classed as hypertrophic. This 

highlights the inconsistency that arises between the various parameters used for classifying lakes 

into trophic status categories. Under the same classification, based on chlorophyll a 

concentrations, eight sites (25.8% of the data-set) would be classed as mesotrophic (3 - 7 pg 1'̂ ), 

16 sites (51.6% of the data-set) would be classed as eutrophic (7 - 40 pg 1'̂ ), and six sites 

(19.4% of the data-set) would be classed as hypertrophic (> 40 pg 1 )̂. Using TP as the lake 

classification parameter, many more sites are classed as hypertrophic in this data-set, as 

discussed in 4.3.2.4. This suggests that the application of trophic state classifications based on 

chlorophyll a data, to shallow nutrient-rich water bodies, particularly turbid ones, may be 

problematic.

4.3.2 6 Dissolved silica (SiO )̂

Annual mean SiOg concentrations are generally moderate to high, ranging from 0.22 to 4.30 mg 

1̂  and are comparable with concentrations observed in many other temperate, eutrophic lakes. 

For example, concentrations in Loch Leven, a shallow eutrophic loch in Scotland, range from 

< 0.025 to > 11 mg 1̂  (Bailey-Watts, 1976a; Bailey-Watts et a/., 1990). A value of 11 mg 1'̂  

is high and is reported to be comparable to the maxima for British rivers (Bailey-Watts, 1976a). 

High concentrations were observed at a number of the south-east England ponds, with maximum 

Si02 concentrations greater than 6 mg 1'̂  at six sites (Nos 7, 34, 57, 98, 108 and 120). These 

data are comparable with maxima in other enriched waters. For example, in hypertrophic lakes 

in Sweden, maximum values of approximately 9 mg 1̂  have been observed (Ahlgren, 1980; 

Cronberg, 1982) and in eutrophic Lough Neagh in Northern Ireland winter Si02 concentrations 

of approximately 7 mg 1'̂  were reported (Gibson et al., 1971). The concentrations in the south

east Ehgland data-set are comparable with those reported for other lowland lakes in the United 

Kingdom. For example, in a data-set of eutrophic lakes from Northern Ireland, Si02 values range 

from approximately 0.2 to 9.5 mg 1'̂  with most sites in the range 0.5 to 3 mg 1*̂ (Gibson, 1986, 

1988), and concentrations recently measured in a data-set of 27 eutrophic meres in Cheshire and 

Shropshire range from 0.35 to 9.94 mg 1'̂  (A. Kirika, pers. comm.). A compilation of SiOg data 

from lakes around the world has shown that small, shallow water bodies tend to experience
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higher epilimnetic concentrations than deep, large lakes (Willén, 1991).

The (Mily four sites with mean concentrations below 0.5 mg 1'̂  also have low SRP and TP 

concentrations, relative to other sites in the data-set. SiOg has a significant positive correlation 

with the other nutrients, NO/, TP, and SRP, and chlorophyll a. This contrasts with the general 

pattern in moderately deep, temperate lakes whereby an increase in lake P results in SiOg 

reduction (Schelske, 1988). A possible explanation is that both P and SiOg are derived from a 

common source and so increase simultaneously. The most likely source of both nutrients in these 

shallow water bodies is the sediments. SiOg is sedimented from biogenic sources (principally 

diatoms) to shallow sediments and therefore the sediment surface is a considerable source of 

silicon with often high silicic acid concentrations in interstitial waters (Bailey-Watts, 1976a, 

1976b). Although diatom preservation in the surface sediments was generally good, there was 

some evidence of dissolution of the delicate centric forms, and slight erosion of some frustules.

In shallow lakes, SiOg is returned rapidly to overlying waters as it diffuses easily into wind- 

mixed water columns (Bailey-Watts, 1976b; Wetzel, 1983; Willén, 1991) and this process has 

been shown to result in lakewater SiOg concentrations greater than those in the inflows 

(Tessenow, 1966). Both P and SiOg concentrations increase in summer at some sites and this 

further suggests that nutrient release from the sediment is highly probable. Silica solubility is 

also known to increase with high pH values and high temperatures (Bailey-Watts, 1976b) and 

both these conditions exist in many of the studied waters in summer (eg. temperatures in excess 

of 20°C, and pH values greater than 9.0, particularly at sites where summer green or blue-green 

algal blooms were observed). A combination of shallow, warm waters with little throughflow, 

and elevated pH values could cause the observed enhanced SiOg concentrations. Summer peaks 

of P and SiOg have been attributed to sediment release in many other shallow lakes (eg. 

Hammerton, 1959; Wilson et al., 1975; Osborne & Phillips, 1978). The seasonality of SiOg 

concentrations is further discussed in section 4.3.S.4.

4.3.2.7 Maximum water depth

It is useful to keep all other variables relatively constant when focusing cm the response of 

diatoms to one particular environmental variable. Depth especially is important, as it strcmgly 

influences the extent of thermal stratification, vertical oxygen distribution, and light availability. 

From this point of view, the uniformly shallow ponds of south-east England are particularly 

useful. The low range of values is reflected in the PCA (Figure 4.4) as maximum water depth
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has a short biplot arrow (MD), indicating its relative lack of importance in explaining the 

variance in the data. Maximum water depth is below 4.0 m at all sites, except site No. 113, 

which is a disused pit and has a maximum depth of 12 m. Otherwise, variation of water depth 

across the data-set is practically eliminated. Maximum water depth is only significantly 

correlated with Secchi depth.

4.3.2.S Secchi depth

All sites have low Secchi depths, with a data-set mean of 0.62 m. Similar low Secchi depths 

have been recorded at other European enriched, shallow lakes; for example, in shallow, eutrophic 

Lake Arres(j>, Denmark, mean summer Secchi depth in 1988 was 0.49 m (Kristensen et al., 

1992), and in a survey of approximately 300 Danish lakes, which are generally small, shallow, 

fast-flushed, and highly eutrophic (and are therefore both physically and chemically similar to 

the south-east England waters), the median Secchi depth value was 0.9 m (Jeppesen etal., 1991). 

It was not possible to record true depths for seven sites in the present study as the Secchi depth 

exceeded maximum water depth. The only sites with Secchi depths over 1.0 m are also the sites 

with the highest maximum water depths, and the correlation matrix (Table 4.3) and the PCA 

biplot arrows (Figure 4.4) for these variables show that Secchi depth (Sec) is significantly related 

to maximum water depth. In a study of Lake Arrescj), a shallow, wind-exposed lake in Denmark 

(Kristensen et at., 1992), the effect of resuspension on lake water turbidity was found to be 

inversely proportional to approximately the square root of mean water depth in shallow, 

eutrophic lakes. The correlation between Secchi depth and water depth observed in the south-east 

England data-set is therefore consistent with these findings.

Secchi depth is often used as an estimate of lake productivity but in shallow waters the 

relationship between Secchi depth and lake productivity is problematic. It is more likely that 

transparency is influenced largely by suspended solids and turbidity, for example when wind- 

induced mixing disturbs bottom-sediments and transports particulate matter into the water 

column, rather than by water colour and phytoplankton biomass. This may explain why, contrary 

to patterns observed in deep lakes, there is no significant correlation between Secchi depth and 

chlorophyll a or P in the south-east England data-set (Rast & Lee, 1978). However, resuspension 

can cause high nutrient generation and flux from the sediment in addition to high concentrations 

of suspended matter, which ccxisequently results in high algal production and may also contribute 

to a reduction in Secchi depth (S())ndergaard et a l , 1992). The dependence of lake turbidity upon 

wind-induced turbulence, keeping material in suspension, was highlighted in a study of shallow.
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eutrophic reservoirs in south-west England (Wilson et al., 1975). In Lake Arres<|), suspended 

solids increased to 42 mg 1̂  on average during storm events, reducing Secchi depth to 0.5 m 

(Kristensen et a l, 1992). Furthermore, the resuspension process was self-perpetuating, as 

prevention of consolidation of the upper sediments caused a further increase in resuspension 

rates. Other authws have noted a scattered relationship between Secchi depth and chlorophyll 

a in shallow lakes, where non-algal turbidity largely controls water clarity and light penetration 

(eg. Carlsson, 1980; Edmondson, 1980; Forsberg & Ryding, 1980; Lorenzen, 1980; Canfield & 

Bachmann, 1981; Voros & Padisak, 1991).

Using the system described in Forsberg and Ryding (1980), 21 of the 24 sites with Secchi depth 

measurements in the data-set, would be classed as hypertrophic (< 1.00 m) and the other three 

would be eutrophic (1.00 - 2.50 m). This places most sites in a higher trophic category than that 

obtained using the classification based on either TP or chlorophyll a ccmcentrations. Therefore, 

in contrast to deep lakes, trophic classification systems based on Secchi depth data are 

inappropriate for describing shallow water bodies.

4.3.2 9 Temperature and ojygen profiles

All sites, except one, experience a decrease in water temperature with depth, when measured in 

August 1991. (Site Nos 57, 108 and 112 had a maximum water depth of less than 0.4 m and 

therefore there was insufficient depth to detect a profile). All temperature measurements were 

taken following a period of two to three weeks of warm, calm weather conditions, and air 

temperature ranged from 23-26°C on the days of sampling. Therefore, a decrease in temperature 

with depth was expected, albeit a small one at some sites, owing to the heating of surface waters 

by solar radiation at a more rapid pace than heat could be distributed by mixing. The range in 

surface water temperatures in the data-set was 14°C to 25.5°C, and for bottom waters 6.8°C to 

23.8T.

Taking the standard measure of thermal discontinuity to be > 1°C change in temperature per 

metre (Wetzel, 1983), eight sites would be considered isothermal (Nos 57, 82,83,101,105,108, 

112 and 114) and the remainder all experienced a change in temperature with depth of between 

1°C and 14°C. The eight isothermal sites all have maximum water depths of less than 2 m and 

these shallow waters most probably remain well circulated throughout the year. It is notably 

three of the deepest sites in the data-set that exhibit the greatest change in temperature with 

depth, the difference between surface and bottom water temperatures being 6.3°C, 7.1°C and
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14.1°C, and water depths of 2.6 m, 2.8 m and 11.0 m for site Nos 69, 85 and 113 respectively. 

All other sites have a difference in temperature between surface and bottom waters of 4°C or 

less, and therefore undergo only slight thermal stratification in the summer. Given the unusually 

long period of warm and calm weather ccHiditicms in summer 1991, it is likely that stratification 

of the shallow waters was only temporary and that the waters remain well-mixed for most of the 

year.

Depth is really insufficient to maintain a typical epilimnion and hypolimnion at most of these 

sites, and Wetzel (1983) cites a water depth of > approximately 10 m for the development of 

thermal stratification in temperate regions. In this data-set, only site No. 113 meets this criterion 

and is the only site to exhibit a pattern of typical stratification with discernible epilimnetic, 

metalimnetic and hypolimnetic strata (Figure 4.5).

The range in % Og saturation of surface waters in the data-set was 29% to > 225%, and in 

bottom waters 3% to 183%. Eighteen sites were supersaturated with Og at the surface and all 

other sites, except site No. 69, had surface saturation values in excess of 50%. Og depletion with 

depth occurred at most sites, with a number experiencing saturation levels in bottom waters of 

below 10% (ie. Nos 4, 69, 85, 98, 113 and 120). Five out of six of these sites also experienced 

supersaturation (> 100%) in the surface waters. Similar summer values have been recorded in 

other eutrophic and hypertrophic lakes (eg. Wetzel, 1983; Jeppesen et a l, 1990a).

Exceptions to this general pattern were three of the isothermal sites (Nos 83, 105 and 112), 

which experienced no change in % Og saturation with depth, and site Nos 37 and 57 which 

experienced an increase in % Og saturation with depth. The exact causes for this were not 

immediately apparent, although site No. 57 had a maximum water depth of less than 0.3 m in 

August 1991 and so the slight increase from 88-90% Og saturation with depth is not very 

significant. The marked increase from 143-183 % Og saturation at site No. 37 could have been 

the result of dense mats of green blanket weed and other submerged macrophytes 

photosynthesizing in the lower waters. The pond was only 1 m deep and light penetrates to the 

pond bed (Secchi depth > 1 m) and therefore Og production could take place at depth.

The majority of sites (83% of the data-set) exhibit a clinograde curve, typical of eutrophic lakes, 

especially during summer stratification. The Og content of the hypolimnion is rapidly depleted 

by oxidative processes, principally bacterial decomposition, and in eutrophic lakes, where high
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amounts of organic matter sediment to the bottom, this is enhanced and anoxia of bottom waters 

often occur. The lack of circulation and photosynthesis in the hypolimnion prevents the renewal 

of O2 to the water. The O2 content in the hypolimnion of eutrophic lakes can be depleted even 

after only a short period of temporary stratification and this certainly appears to have been the 

case in most of the studied sites.

In contrast, the surface waters are often supersaturated in summer, when photosynthesis by 

phytoplankton is at a maximum and algal populations are developing and releasing O2 into the 

epilimnion faster than they sink out (Wetzel, 1983). The extremely high % O2 saturation in 

excess of 225% at site No. 98 can be attributed to the high biomass throughout the summer, with 

a maximum chlorophyll a concentration of 505 pg 1̂  in July 1991. The water maintained a very 

green appearance from May to October and bubbles at the water surface were observed on the 

day when O2 data were recorded. High summer chlorophyll a concentrations at other sites were 

likely largely responsible for the observed supersaturation of O2 in the surface waters. The 

distribution of O2 affects the solubility of many of the inorganic nutrients and its significance 

in terms of sediment P release and denitrification is discussed in later sections of this chapter.

4.3.3 Seasonality of nutrients

4.3.3.1 Total and soluble reactive phosphorus (TP and SRP)

The general pattern in most glacially-derived, stratifying lakes of moderate to deep water depth 

in the temperate world is for P concentrations to be at their highest during the winter when 

physical conditions limit algal growth and hence the nutrients are not being utilized, and for 

concentrations to be at their lowest in spring and summer when physical conditions favour algal 

growth and thus the nutrient supply is reduced (Lund, 1972). This is particularly true of SRP, 

considered to be entirely biologically available (Holtan et al., 1988), which commonly constitutes 

a large proportion of TP in the winter when it is not being incorporated into algae. In addition, 

P loads to lakes from diffuse sources are often elevated in the winter when higher rainfall 

increases the amount of P in inflows and runoff entering the lake (Gibson et al., 1988; Bailey- 

Watts et al., 1990).

In shallow, enriched lakes, internal cycling of Pis particularly important, and can result in highly 

variable P concentrations throughout the year and seasonal patterns very different from those 

described above for deep waters. There are principally two major ways in which P is transported 

from the sediments to the overlying waters (Bostrom et al., 1988). One way is resuspension of
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lake sediment into the water column, which commcmly occurs in shallow waters which are prone 

to wind-induced mixing, particularly in stormy weather (Golterman, 1984; Hamilton & Mitchell, 

1988; Kristensen et al., 1992; S<j>ndergaard et at., 1992). Resuspension of the sediments results 

in elevated suspended solids and TP concentrations in the water column, principally owing to 

an increase in the particulate P fraction. Most of the particulate P is sedimented out again in 

periods of calm weather. For example, in Lake Arres<j>, a shallow, wind-exposed lake in Denmark 

(Kristensen et al., 1992), suspended solids increased from 54 to 194 mg 1 \ and TP increased 

from 0.37-0.85 mg 1̂  in 9 hours during a storm event, and decreased steadily, returning to pre

storm levels within 24 hours. Likewise in Lake S<j>bygaard, a shallow, hypertrophic lake 

(S(J>ndergaard et al., 1987), it was estimated that the sediment during a storm can be resuspended 

from a depth of 5-20 mm, resulting in high internal P loading. However, dissolved P forms are 

not directly influenced by resuspension and sedimentation, only a minor fraction being released 

as SRP, and so concentrations of biologically available P are largely unaffected (S<J>ndergaard 

et al., 1992). This suggests that peaks in TP concentrations resulting from resuspension will not 

necessarily affect algal productivity. Sediment resuspension could therefore explain the observed 

large winter peak in TP concentration, independent of changes in the SRP levels, in a number 

of the south-east England waters.

The second route of P from the sediments to the water in shallow, enriched lakes is release of 

sediment P, resulting from mobilization to the dissolved pool in the sediment, and the subsequent 

movement of the dissolved species into the overlying water (Bostrom et al., 1982, 1988). This 

process differs from resuspension in that significant amounts of SRP are also released into the 

water column. P release from sediments can occur under both anaerobic and aerobic conditions 

(S<J)ndergaard, 1988). The experimental work of Holdren and Armstrong (1980) showed that 

bioturbation, temperature increase and reduction in O2 concentrations in the overlying water had 

the greatest impact on increasing P release rates. They observed significant increases in SRP, 

which they attributed to reduction of Fe(in) to Fe(II) at the sediment-water interface. Release 

of SRP was negatively correlated with surface sediment Fe:P ratio in fifteen shallow Danish 

lakes with aerobic sediments (Jensen et al., 1992b). The general principle of sediment P release 

arising from iron reduction was demonstrated by Einsele (1936).

Release of sediment P, including SRP, has been observed in many shallow, enriched lakes in 

summer, when temperatures are high, and O2 content in the hypolimnicm is low, and when 

microbial activity in the surface sediments is greatest, often producing anaerobic conditions (eg.
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Gardiner, 1941; Andersen, 1974; Wilson et al., 1975; Osborne & Phillips, 1978; Bostrom et al., 

1985; Bailey-Watts et al., 1987; Gibson et al., 1988; Redshaw et al., 1990). Additionally, 

flushing rate in the summer is generally lower and temperatures higher than at other times of the 

year, and this can also increase the likelihood of SRP release from the sediments (Bailey-Watts 

et al., 1990). Elevated pH levels in summer resulting from photosynthetic activity have also been 

shown to enhance summer P release. In Lake S<t>bygaard (S<|>ndergaard, 1988), a strong 

association was observed between loosely sorbed P and high pore water pH, as elevated pH 

levels in the sediment caused a reduction in phosphate binding capacity. There is often a marked 

decrease in lakewater P levels following the summer increase, which has been attributed to 

adsorption by the sediments in a number of shallow lake studies. This resedimentation process 

can reduce the effect of the P release on the epilimnetic P concentrations in subsequent months 

(Bailey-Watts et al., 1987; Gibson et al, 1988). Therefore, at sites where TP and SRP 

concentrations increase simultaneously in summer, sediment P release is a highly probable 

explanation, though the exact mechanisms cannot be determined from this investigation. 

Furthermore, high algal biomass in summer, as indicated by high chlorophyll a concentrations 

at many sites, may have been responsible for elevated TP concentrations in the summer. In a 

study of two shallow, eutrc^hic lakes in Denmark, all major peaks of net internal P loading were 

associated with periods of increase in blue-green algae biomass (Jensen & Andersen, 1990).

In the south-east England data-set, a total of 12 sites experienced winter TP peaks. In most cases, 

the rapid increase in TP concentration, followed by a rapid decline, was not associated with 

significant increases in SRP. This suggests that the observations may be a result of wind-induced 

mixing and resuspension of sediment into the water column, and subsequent resettling. A total 

of 19 sites experienced summer peaks in TP levels. Over half of these also experienced a 

simultaneous increase in SRP concentrations, (for example. Nos 69, 73, 82, 85, 100 and 107), 

indicating that this may be due to sediment P release. The remaining sites had no associated 

increase in SRP in the summer, suggesting that the elevated TP concentrations may have been 

caused by high algal biomass.

Field observations (and Secchi depth measurements) at the ponds in south-east England showed 

that amounts of suspended solids were high at most sites. The sediment coring activity in 

summer 1990 revealed that the sediments of many of the sites release gases when disturbed. 

There was evidence from the hydrogen-sulphide odour that anaerobic ccxiditions existed at a 

number of sites at this time. The gases are probably produced by microbial metabolism and
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when they rise can transport particulate matter and dissolved substances into the water column. 

Methane is reported to be a dominant transport mechanism in shallow, eutrophic water bodies 

(Ohle, 1958; Bostrom et al., 1988). The Og and temperature profile data (Figure 4.5) indicate 

that both high summer water temperatures and low bottom-water Og concentrations are common 

features of the south-east England ponds, and very high summer pH values (eg. > pH 9) were 

observed. These criteria are known to enhance sediment resuspension and nutrient release, as 

discussed above, and thus support the hypothesis that internal P loading may have occurred at 

the sampled sites.

A large number of sites have the commonly observed seasonal pattern of reduced SRP 

concentrations in spring with low levels throughout the summer, and a subsequent increase in 

the winter. This pattern of events is generally attributed to the rapid assimilation of the 

biologically available P when increased light and temperature favours growth in early spring. A 

total of 23 sites experience SRP concentrations below 5 pg 1̂  (ten of which are below 2 pg 1'̂ ) 

during the spring or summer, suggesting that P may be limiting in these waters (Reynolds, 

1984b). The P suj^ly is then replenished when the physical conditions become limiting in the 

cold, dark winter months and the growing season ceases.

Four sites (Nos 34, 57,65 and 120) have extremely high SRP and TP concentrations throughout 

the study period, for example SRP is always > 75 pg 1̂  and TP is always greater than 200 pg 

r \  In all cases, the SRP fraction constitutes a large proportion of the total, particularly in winter 

when there is little uptake by algae. Given the extremely high values of both SRP and TP at 

these four sites, it would seem that P is not the limiting nutrient, and NO/ values are also high. 

The data suggest that at site Nos 34, 57 and 120, where all the essential nutrients are present in 

high concentrations throughout the year, and where Secchi depths are very low, that light is the 

factor limiting growth. At site No. 65, SiOg is depleted in August and therefore both SiOg and 

light limitation may be important at this site.

Overall, TP and SRP concentrations were highly variable over the year at all sites, the biggest 

range in values occurring at the highly enriched sites. There was no overall pattern in the 

seasonality of P concentrations in the data-set, as the various sources of P were site specific, 

depending on external P loads (diffuse and/or point sources) and internal loading, which is in 

turn a function of the physical, chemical and biological characteristics of each individual water 

body.
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4.3.3.2 Nitrate (NO/)

In contrast to the varied seasonal distributions of P in the studied water bodies, NO3 showed a 

remarkably consistent seasonality across the entire data-set, which conforms to the patterns 

commonly observed in temperate lakes (Wetzel, 1983). Most of the studied sites experience late 

winter/early spring maxima, followed by a period of low concentrations through summer and 

autumn, and a gradual increase again in the next winter. This seasonal pattern of events is 

usually attributed to increased rates of NO3' assimilation by algae throughout the spring and 

summer growing season, and has been observed in many studies (eg. Moss, 1969; Wilson et al., 

1975; Gibson et al., 1980; Reynolds, 1973b; Bailey-Watts et al., 1987, 1990).

Denitrification is also an important process, particularly in eutrophic lakes where anaerobic 

conditions often prevail in summer, whereby bacteria biochemically reduces the oxidized N 

anions resulting in a loss of N from the system if it is not refixed (Wetzel, 1983). This process 

has been found to contribute significantly to N removal in a number of shallow, eutrophic lake 

studies (eg. Anderson, 1974; Johnston et al., 1974; Bailey-Watts et al., 1987; S<|)ndergaard et 

al., 1990a; Jensen et al., 1992a). For example, denitrification was responsible for 86-93% of the 

net N loss in shallow, hypertrophic Lake S<|)bygaard (Jensen et a l, 1992a). This process was 

stimulated by resuspension and short retenticxi time, as O2 and NO3 were introduced into the 

deeper sediment layers, thus enhancing denitrification activity at sediment depth. A further 

possible explanation for the NO3 decrease in spring and summer is removal of NO3 from the 

epilimnion to the sediment via N uptake by phytoplankton and sedimentaticm of organic matter, 

which is known to take place in shallow productive waters where the sedimentation rate is often 

high (S<j)ndergaard et al., 1990a). For example, in a small, eutrophic lake in Ontario, 

phytoplankton were primarily responsible for NO3 uptake in the epilimnion (Chan & Campbell, 

1980). In the winter NO3 concentrations increase, as uptake by phytoplankton and denitrifying 

bacteria is minimal. Weather conditions may also be important as NO3 normally enters water 

from diffuse agricultural sources. Bailey-Watts et al. (1990) showed that high flushing rates 

resulted in high winter NO3 concentrations in Loch Leven.

There are only two sites in the data-set that do not display this typical seasonal pattern in NO3 

concentrations. Both of these sites maintain high concentrations throughout the study period, 

never falling below 2.0 mg 1̂  at site No. 37, and never below 1.3 mg 1*̂ at site No. 57. Both of 

these ponds receive agricultural run-off, which is the most likely source. NO3 does not appear 

to be limiting at any of the 31 water bodies, as concentrations over the year never fall below 0.3
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mg at any site. In summary, the shallow waters in south-east England appear to behave in the 

same way as many other shallow, j»*oductive lakes, in terms of their seasonality of NO/ 

concentrations.

4.3 3.3 Dissolved silica (SiOg)

There is a clear seasonality in SiOg concentrations in the studied water bodies, which conforms 

to the general pattern observed in temperate lakes (Wetzel, 1983). This is a pattern of spring and 

often autumn minima, with replenished concentrations in the intervening periods. This pattern 

emerges because of the close association between diatom growth phases and the availability of 

SiOg, such that a spring decline in SiOg is often coincident with the observed diatom maxima 

as the diatom cells assimilate large quantities of this nutrient. This phenomenon has been 

observed in the southern basin of Lake Windermere in the English Lake District for 18 

consecutive years (Lund, 1964) and in numerous other enriched lakes (eg. Moss, 1969; Happey, 

1970; Reynolds 1973b; Gibson & Stevens, 1979; Hecky et al., 1986; Bailey-Watts & Lund, 

1973; Bailey-Watts, 1976a, 1976b, 1988) and in rivers (eg. Lack, 1971).

The patterns in the south-east England waters are generally in accordance with these 

observations, although given that the sampling frequency was at monthly intervals and 

chlorophyll a provides the only estimate of phytoplankton biomass (which is not necessarily 

dominated by diatoms), it is not possible to directly relate SiOg concentrations to diatom 

maxima. SiOg is also taken up by non-planktonic diatoms, whose biomass is not accounted for 

in the chlorophyll a measurements. However, peaks in chlorophyll a concentration coincide with 

SiOg decline at a number of sites, for example Nos 4, 7, 37, 65, 69, 73, 79, 100 and 120. SiOg 

concentrations decreased during the spring or early summer at all sites, and similarly to many 

eutrophic lakes, were depleted at this time. Concentrations fell below 0.5 mg 1̂  on at least one 

occasion (cf. Kilham, 1975) at all sites except Nos 34, 57, 86 and 107, suggesting that SiOg may 

be limiting in many of these waters.

Generally, SiOg concentrations rose again in the summer as the supply was replenished, either 

as a result of reduced biological utilization from catchment inputs, or via recycling, release of 

silica from dissolution and sediment release, or a combination of these factors. The possible 

influence of sediment release of SiOg on summer concentrations was discussed earlier in 4.3.2.6. 

The mild, calm weather and low rainfall in the summer of 1991 suggests that flushing rate was 

probably relatively low at that time, and so SiOg recycling could have been enhanced (Bailey-
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Watts et al., 1990). Periods of temporary stratification in even the shallowest waters occur 

(4.3.2.9) when diatoms would likely sink quite quickly to the sediments. Subsequent dissolution 

of the diatom frustules would provide a significant source of SiOg to the sediments, which in 

turn can be transported back into the water column in the summer if the conditions favour 

nutrient release.

A study of a one month silica budget in Loch Leven (Bailey-Watts, 1976b) highlighted the 

importance of the diatom frustule as a source of silica, even though, as in the south-east England 

ponds, the short water column and generally good preservation of diatoms in the sediments 

indicated that dissolution was not important The study demonstrated that only slight erosion of 

cells or complete dissolution of only certain cells could allow the observed abundance of diatoms 

in sediment cores (cf. Haworth, 1972) as well as a significant degree of silica recycling. 

Therefore, although minimal dissolution was observed in the south-east England surface 

sediments, this does not necessarily preclude the importance of diatoms in the silica cycle. The 

similar timing of summer peaks in TP and SRP at a number of sites lends further support to the 

theory that internal loading contributed to the rapid rise in SiOg concentrations during the 

summer (Osborne & Phillips, 1978).

4.3.3.4 Chlorophyll a

There was no overall seasonal pattern in chlorophyll a concentrations in the data-set. This was 

expected, as the literature emphasises the considerable variation in biomass maxima between 

years at any one site, and reports that widely fluctuating algal crops are commcwi in temperate 

environments (eg. Tailing, 1965; Bailey-Watts, 1982). Chlorophyll a concentrations can also 

change rapidly within a single year; for example, in hypertrophic Lake S(J)bygaard (Jeppesen et 

at., 1990a), chlorophyll a concentrations changed from 1200 pg 1*̂ to 650 pg 1̂  in a period of 

20 days, and then fell sharply to 12 pg 1'̂  within a further 3-5 days, owing to a severe 

phytoplankton collapse in July 1985. This was followed by a rapid recovery 3-4 days later. 

Given this within-site variability of phytoplankton biomass from year to year, a uniform pattern 

between sites was unlikely to be observed, and chlorophyll a seasonality was expected to be site 

specific (cf. Reynolds, 1984a). A whole variety of factors such as grazing pressure (Uhlmann, 

1971; Leah et al., 1980; Vanni & Temte, 1990), fungal parasitism (Canter & Lund, 1953, 

Bailey-Watts & Lund, 1973), flushing rate (Bailey-Watts et al., 1990), degree of stratification 

(Happey, 1970; Reynolds, 1973b; Stauffer, 1988), and sedimentation rate (Gibson et al., 1971; 

Jewson et al., 1981; Gibson, 1984) can influence the seasonality of phytoplankton and hence
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chlorophyll a concentrations at a given site.

Despite the variability between sites, a high incidence of similarity among periodic cycles in 

phytoplankton biomass of similar lake types has been observed. For example, Reynolds (1984a) 

classified phytoplankton species into 14 groups, in CM*der to characterize periodicities for five 

major lake types based on trophic status. However, he reported an unfortunate lack of 

information for "ponds and shallow lakes subject to high nutrient loading" but proposed a typical 

seasonal pattern nonetheless. Reynolds (1984a) suggested that biomass was usually dominated 

by diatoms, euglenoids or chlorococcalean genera in these types of waters, and that assemblages 

were abundant in early spring, some of which could persist throughout the year.

Alternatively, a progression frcxn diatom-dominated assemblages in spring to cyanobacteria in 

late summer/autumn has also been observed in shallow, enriched lakes (Gibson et al., 1980; 

Reynolds, 1984a) and in rivers (Lack, 1971). Diatoms often dominate the phytoplankton in 

spring because of their photosynthetic efficiency, allowing them to grow under conditions of low 

light and temperature, relative to other algal types (Lund, 1965). A second diatom peak is often 

observed in association with destratification in autumn (Reynolds, 1984b). However, in the mid

summer period, nutrient limitation prevents the development of high biomasses or may favour 

the dominance of blue-green algae that can out-compete diatoms under these conditions. This 

pattern has been observed in numerous productive lakes, deep enough to stratify [eg. Happey 

(1970), Reynolds (1973b, 1978b), and Vanni & Temte (1990)]. However, in well-mixed, very 

shallow, enriched lakes, where stratification may only last for a few hours or days, and/or where 

nutrients may never become limiting, as in the south-east England ponds, this pattern is less 

likely to be observed (Reynolds, 1973c).

Twelve of the studied south-east England ponds have maximum chlorophyll a concentrations in 

summer (June to September) and six sites have maxima in spring (March to May) with generally 

low concentrations in winter and smaller peaks throughout the rest of the year. A number of sites 

have both a spring and autumn peak in chlorophyll a concentrations with a period of lower 

concentrations in mid-summer (eg. Nos 57, 73, 100, 112, 113). Therefore, some sites largely 

conform to the commonly observed chlorophyll a seasonality in other shallow, eutrophic lakes. 

However, no distinct seasonality can be recognized at the remaining sites.
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Though it is not possible to determine the limiting factors controlling the chlorophyll a 

concentrations at each individual site, P and Si02 limitation are likely to be more important than 

N limitation in the sampled waters. For example, SRP could be limiting at some sites (ie. < 5 

pg r^), where concentrations are only just detectable following a peak in chlorophyll a 

concentrations. For example, at site No. 76 where SRP fell from 9.79 pg 1̂  in August 1991 to 

2.64 pg 1̂  in September, and further declined to 1.58 pg 1̂  by October. At this site chlorophyll 

a reached a maximum of 159.36 pg 1̂  in August and then sharply declined to 42.72 pg 1̂  by 

September. This suggests that the available P was rapidly assimilated by the algae, until SRP 

concentrations were reduced to levels too low to promote further growth and hence a collapse 

occurred.

Alternatively, Si02 could be limiting for diatoms in some cases, where minimum concentrations 

are associated with maximum chlorophyll a concentrations. For example, at site No. 65, Si02 

concentrations were reduced from 2.34 mg 1'̂  in May to only 0.002 mg 1̂  in August, coinciding 

with the maximum chlorophyll a concentration of 233.28 pg l '\  However, SiÛ2 concentrations 

generally rose quickly following depletion and poor diatom preservation was rarely observed in 

the surface sediments (see 4.3.3.3), indicating that concentrations may have been low enough to 

limit diatom production for only very short periods. NOg does not appear to be limiting at any 

site, as concentrations are always in excess of 0.3 mg 1'̂  (see 4.3.3.2). At many sites, none of 

the nutrients ever drop to concentrations low enough to limit growth and so other factors such 

as predation, parasitism or light could be controlling phytoplankton biomass. The probable 

occurrence of sediment resuspension at some sites (see 4.3.3.1) would certainly influence light 

penetration.

The role of seasonally changing nutrient ratios, particularly Si:P ratios (eg. Kilham, 1971; 

Tilman, 1977; Stauffer, 1986; Hecky & Kilham, 1988) and N:P ratios (eg. Redfield, 1958; Rhee, 

1978; Smith, 1982, 1983; Barica, 1990; Molot & Dillon, 1991; Sommer, 1991) in determining 

nutrient limitatim, and their impact on phytoplankton populations has received a great deal of 

attention. For example, Redfield (1934, 1956) proposed that the ideal atomic ratio of the key 

nutrients to supply cell material for the next generation in seawaters was 106C:16N:1P. These 

ratios apply also to freshwaters (Sommer, 1991). This ratio can be used as an indication of N 

or P limitation, whereby < 16N:1P indicates N limitation, and > 16N:1P indicates P limitation. 

Smith (1983) demonstrated that the relative proportion of blue-green algae in the phytoplankton 

was dependent on the N:P ratio, with low ratios favouring blue-green algal blooms as these algae

173



are capable of N fixation. However, there are a number of (xoblems associated with N:P ratios. 

For example, Rhee (1978) showed that the optimal cellular ratio was species specific, Molot and 

Dillon (1991) demonstrated that the ratio could not always explain the variation in chlwophyll 

a, and moreover, there is no uniformity in the forms used to calculate N:P ratios in the literature, 

making comparison betweoi studies problematic (Barica, 1990).

In the south-east England study, TN was not measured and therefore tiie importance of the N:P 

ratio in these waters cannot be fully explored. However, atomic ratios of NOj'iSRP (as N and 

P) were calculated for a number of sites to explore the overall patterns in the data. At site No. 

31 and No. 120, where SRP and Si02 were in high concentrations throughout the year, the N:P 

ratio was approximately 3:1 in both winter and summer, and 5:1 in winter and 3:1 in summer 

respectively, indicating NO/ limitation even though concentrations never fell below 0.35 mg 1̂  

at these sites. In a study of the Cheshire and Shropshire meres (Moss et aL, 1993), where TP 

concentrations are very high but where winter NO3' values are generally low (< 2 mg 1'̂ ), 

similarly low N:P ratios (calculated from winter means of inorganic N and SRP) of < 10:1 (by 

weight) were reported. At site No. 37, where NO3 concentrations were high throughout the year, 

the N:P ratio was 24:1 in winter and 42:1 in summer, indicating P limitation during the growing 

season. Therefore, the ratio can provide a guide to nutrient limitation at these sites, though it has 

been suggested that in reservoirs and shallow waters where particulate P is relatively important, 

that chlorophyll a may be affected more by variations in suspended matter and turbidity than N:P 

ratios (Smith, 1982).

SiOg is likely to be limiting for only short periods in most of the south-east England ponds, as 

previously discussed. Small, shallow lakes generally tend to have high Si:P ratios (Kilham & 

Kilham, 1990). However, atomic ratios of Si02:SRP (as Si and P) were calculated for a number 

of ponds to allow comparison between sites. Site No. 65 has a high winter ratio of 7:1, but in 

summer when SiOg concentrations drop to 0.002 mg l '\  the ratio is < 0.1:1. Site No. 31 displays 

a similar pattern, with a very high ratio in winter when both SiOg and SRP are high of 32:1, but 

a ratio of only 3:1 in March, when SRP concentrations remain high but SiOg concentrations fall 

to 0.01 mg r \  At site No. 113, where SRP concentrations are relatively low, the Si:P ratio is > 

25:1 throughout the year. In the absence of phytoplankton data, and given the seasonal 

variability in ratio values, it is difficult to interpret these data. However, if the annual mean Si:P 

values for these three sites are calculated (No. 65 = 5:1; No. 31 = 15:1; No. 113 = 40:1) and the 

dominant diatom taxa in the surface sediment assemblages of these sites are considered
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(No. 65 = Cyclotella meneghiniana; No. 31 = Fragilaria construens var. venter; No. 113 = 

Stephanodiscusparvus and Asterionella formosa; see Chapter 5), the patterns are consistent with 

those reported in the literature [Chapter 1 (1.2.2)] where C. meneghiniana is dominant at low 

Si:P ratios, and Æ formosa is dominant at high Si:P ratios (Kilham & Tilman, 1979). The role 

of Si:P ratios in controlling diatom distributions is discussed in more detail in Chapter 7 (7.2.2).

It is not possible to provide an explanation for the observed patterns in chlorophyll a 

concentrations in the studied sites, given that the live phytoplankton populations were not 

monitored. Chlorophyll a was measured simply to provide some estimate of lake productivity 

rather than to investigate phytoplanktcm periodicity (cf. White et al, 1988). However, the data 

do serve to highlight the complexities of these shallow productive waters and demonstrate the 

ways in which tiiey differ from lakes that are deep enough to stratify for long periods. The 

calculations made here indicate that nutrient ratios may be important in these shallow waters, 

and if the data-set were expanded in future to include less productive sites, the roles of SiOg and 

NO) limitation could be more fully explored.

4.3.4 Nutrient values for transfer functions
The results of the 15 month survey illustrate the diversity of the chemistry of the 31 sites and 

suggest that the site selection procedure successfully produced a set of water bodies that 

represent most types of ponds in the region, with the exception of acid waters. Two clear 

environmental gradients in the data-set were selected. One being a conductivity gradient and the 

second a nutrient gradient, with TP the most important of the nutrients in explaining the variance 

in the data. A comparison of the spot sample data from January/February 1990 with the winter 

mean values from the seasonal data, indicates that a single water sample can provide a reliable 

guide for selecting sites along environmental gradients. A preliminary survey is therefore 

recommended so that the training set sites are evenly spaced along the gradient, and represent 

the full range of values in the region for the variable of interest. However, there is clearly a 

difference in the actual values for TP between the spot sample and the winter mean values, and 

the nutrients monitored on a monthly basis exhibit marked seasonal variation over the 15 month 

sampling period. This variation supports the necessity for a high frequency of sampling.

The seasonal patterns observed in this study have a number of implications for future work on 

shallow, enriched water bodies, particularly work focusing on the relationships between 

environmental variables and biological data and the generation of transfer functions. The summer
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peaks in concentrations of the nutrients, particularly the biologically available forms, at a large 

number of sites, strongly suggests that internal cycling of nutrients is important in these shallow, 

rich waters. Therefore, it is recommended that annual means rather than winter means provide 

better estimates of the general water quality status and in particular the nutrient availability in 

these types of waters. Winter means would clearly underestimate the annual concentrations at 

sites where summer recycling occurs (cf. Gibson et al., 1988). This is important when generating 

transfer functions as the most representative single measure of the environmental variable to be 

inferred is required, in order to minimise the errors in the model.

The study demonstrates that intra-annual variability, particularly in TP, SRP and NO/ 

concentrations, tends to be greater in the most enriched water bodies, suggesting that when 

sampling effort is a logistical consideration, that high frequency of sampling should be targeted 

towards the most eutrophic sites in order to get a representative annual estimate, and thus to 

improve the model. Certainly, single peaks and extreme concentrations were less common in the 

mesotrophic waters in this study.

Finally, the difference between the winter 1990 and winter 1991 values indicates that inter

annual variability is likely to be significant in these shallow, enriched waters. There is 

insufficient data here to allow a detailed comparison or to draw any firm conclusions, but in 

some cases the difference between the two years was quite considerable, suggesting that a longer 

period of sampling than was possible here would improve the representativity of the data, and 

allow the influence of inter-annual variability of factors such as weather, nutrient loads and 

biological interactions to be taken into some account.
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CHAPTER FIVE 

SURFACE SEDIMENT DIATOM ASSEMBLAGES

5.1 Introduction

This chapter focuses on the surface sediment diatom assemblages of the 31 sites which form the 

training set. The emphasis is placed on the patterns within the species data alone, whilst the 

discussion relating the diatom data to the measured environmental variables is dealt with in 

Chapter 6. The surface sediment samples were collected as described in Chapter 2 (2.5.2) and 

were prepared and analysed as described in Chapter 2 (2.6). The surface sediment characteristics 

of each site are presented in Appendix 2. A detailed description of the strategy adopted for 

counting and identification is given in section 5.2 of this chapter, and section 5.3 provides a 

taxonomic description of the problematic taxa. Section 5.4 describes the numerical analyses of 

the diatom data, including DCA and species diversity. Finally section 5.5 discusses the major 

patterns within the species data and the nature of the surface sediment diatom assemblages of 

ponds in south-east England.

5.1.1 The representativity of surface sediment diatom assemblages.
^ In order to generate a transfer function for inferring an environmental variable from diatom

assemblages, a calibration set or "training set" is required, consisting of diatom species data and 

contemporary environmental data. The diatom data used in these data-sets usually take the form 

of relative abundances of taxa in surface sediments. The surface sediment (0-1 cm) represents 

a temporally integrated sample of the taxa that have accumulated in the recent past. It also 

integrates spatially, as it incorporates taxa derived from a variety of different source 

communities, and from the full range of available habitats. Thus a single surface sediment 

sample from a water body provides a more appropriate sample for studies focusing on 

relationships between species data and average water chemistry variables, than isolated samples 

of live algal communities.

The integrated nature of the surface sediment sample is particularly suited to this study of 

shallow, enriched waters, as it is important to assess the responses of both littoral and planktonic 

diatom taxa to epilimnetic nutrient concentrations, as non-planktonic taxa are an important 

component of the diatom flora in shallow waters, and are undoubtedly important to whole lake 

productivity (Anderson, 1989). Furthermore, the surface sediment is a more appropriate sample
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for this study, as it provides an analogue for palaeolimnological interpretations, whereas single 

phytoplankton samples are inadequate analogues of fossil assemblages in sediment cores 

(Brugam, 1983).

Prior to relating the surface sediment diatom assemblages to the contemporary envircaimental 

conditiais in a water body, it is important to consider the taphonomy of the assemblages, that

^  • is, how faithfully the assemblages represent the source communities from which they are derived,

’ and how the representativity of a single surface sediment sample may have been affected by

spatial and temporal variability of the sediment (Battarbee, 1986a).

Any study which aims to relate the surface sediment diatom assemblage to epilimnetic water 

chemistry makes the assumption that allochthonous inputs from the catchment or taxa from 

reworked older sediments are negligible (Battarbee & Flower, 1984). The influence of in washed 

diatoms is likely to be minimal in the ponds studied here, as the sites are artificial and most of 
the waters either do not have inflows or have very small inflows. A number of studies have 

shown that planktcxi communities are generally well represented in surface sediment samples. 
For example, Haworth (1980) showed a clear agreement between the succession of the live 
phytoplankton community and the diatoms observed in the sediment record of Blelham Tam. 

The representation of non-planktonic communities is more problematic, as benthic forms may 

remain close to their source and hence may not be well represented at the surface sediment site, 

which is usually in the deepest part of the lake at a distance from the littoral zone. However, a 

number of studies have demonstrated that despite the existence of strong habitat dependent 

distributions of live communities, the surface sediment diatom assemblages are in good 

agreement with the floristic composition of non-planktonic communities (eg. Jones & Flower, 

1986; Cameron, 1990). Charles et al. (1991) studied the major sources of diatom variability in 

the surface sediments from Big Moose Lake, U.S.A., and concluded that although there were 

spatial differences in the contributions from benthic and littoral sources, the variability between 

samples was not extensive and was less than the standard error of prediction of the modelling 

techniques. Thus the inferences from a single sediment core from the deepest point in the lake 

could provide an accurate representation of historical water chemistry changes.

In the shallow, productive ponds of south-east England, representativity of littoral and benthic 

communities is not likely to be problematic as the surface area of the sites is generally small (< 

27 hectares), and the deepest point of the water bodies, from where the surface sediment was
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extracted, is never at a great distance from the littoral zone. Also, given the artificial, flat nature 

of the pond bed, the mean depth of the waters is rarely veiy different from the maximum water 

depth, and therefore the deepest point of the pond is likely to be reasonably representative of the 

water body as a whole. In contrast, it is over-representation of benthic communities which is 

more problematic in these waters, as the shallow water depth at many sites results in diatoms 

growing in situ on the sediment surface, as the entire water column and the surface sediments 

are in the photic zone, providing large areas for colonization by benthic forms. For example, the 

surface sediment diatom assemblages of Abbey Lake (No. 31) and Fowlmere Spring (No. 108) 

are dominated by benthic Fragilaria taxa. Over-representation of taxa associated with light 

penetration to the surface sediments has also been observed in acid lakes, for example Navicula 

sohrensis in Loch Kirrieroch, south-west Scotland (Flower, 1986). Therefore, in very shallow 

waters, it may be that the planktonic taxa are poorly represented in the surface sediments. It is 

evident from the discussion below, that in the shallow waters of south-east England, there is an 

absence or a low relative abundance of diatom taxa that are commonly found in deep lakes of 

similar water chemistry. However, this may simply be because of the inability of very shallow 

waters to support populations of large planktonic forms.

A further consideration when examining the representativity of a surface sediment assemblage 

is the potential of either total or differential loss of diatom taxa. Total loss may occur either 

directly, or via the guts of zooplankton and fish down the outflow. The extent of this process 

is dependent on water retention time. Some taxa might be removed by rapid flushing before final 

sedimentation, and studies have shown that this is particularly true in the case of small, shallow 

waters with short retention times, where small taxa may be under-represented in the sediments 

(Battarbee, 1978b). However, the likelihood of washout in the artificial ponds studied here is 

negligible as many of the water bodies do not have surface outflows.

Differential loss arises due to varying diatom dissolution. Generally, diatom valves are well 

preserved in lake sediments because their cell walls are composed of resistant opaline silica and 

particularly in small, shallow lakes, most diatoms produced in the water column reach the 

sediments with minimal dissolution (Bailey-Watts, 1976b; Reynolds, 1986; Anderson, 1990). 

Dissolution problems are usually associated with calcareous or saline waters (Fritz, 1990), where 

dissolution and breakage of valves may result in over-representation of robust, heavily-silicified 

forms. SiOg limitation is likely to occur for only short periods in the enriched ponds of south

east England, as epilimnetic Si02 concentrations are generally moderate to high and lightly-
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silicified forms are abundant in the surface sediments of many sites [Chapter 4 (4.S.2.6)]. The 

surface sediment diatcm assemblages are generally well-preserved with evidence of only slight 

dissolution of delicate forms. Perhaps a greater problem in these waters is the risk of breakage, 

which is often greater in shallow waters because of turbulence, or via grazing which may 

fracture the diatom frustules and enhance dissolution. Broken valves were encountered in a 

number of the sampled sites, for example Abbotts Wood Lake (No. 50) and Lower St. Clere 

Lake (No. 82). However, they are accounted for in the counting strategy, and therefore should 

not affect relative frequency data.

Other factors which require consideration are varying sediment accumulation rates and the 

process of time-averaging. The surface sediment sample from one lake may represent a different 

time interval than that of another lake, due to varying sediment accumulation rates and sediment 

mixing processes of resuspension and bioturbation (Battarbee, 1986a). In this study, all sites with 

known disturbed surface sediments were excluded from the training set, and therefore it can be 

assumed that the surfaces do represent the sediment that has accumulated over approximately 

the last year at all sites. In these shallow, productive waters, sediment accumulation rates are 

likely to be reasonably fast, for example the radiometric dates for Marsworth Reservoir (No. 

120) and Eleven Acre Lake (No. 4) indicate recent sediment accumulation rates in the range of 

1 to 2 cm yr'\ and therefore the top 1 cm is suitable for comparison with contemporary water 

chemistry data. However, it is likely that some smoothing or time-averaging of the sediment 
record may occur. As with spatial integration, some temporal integration and smoothing can of 

course be an advantage for these kinds of studies, where "average" water chemistry is being 

compared with "average" biology.

Sediments of shallow, productive waters are generally less stable than those of deep lakes, as 

they can be easily mixed by stormy, windy conditions in winter, and are often resuspended under 

anoxic ccxiditions at the sediment-water interface in summer (eg. Smith, 1975; Flower, 1990). 

They are also more prone to biotuibation than sediments of deep waters (Anderson, 1989). Thus, 

sediment mixing is a problem inherent in studies of shallow waters. However, given the low 

altitude and extensive marginal vegetation at the sites in south-east England, the sites are 

sheltered and wind-induced mixing is negligible. The temporal resolution should be sufficient 

in these waters with high sediment accumulation rates for reconstructing major trends, although 

it is unlikely that the resolution is fine enough for inferring seasonal patterns from the sediment 

record.
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A final consideration is the representativity of a single surface sediment sample taken frcxn the 

deepest part of the water bocfy. A number of studies have shown that no single core is strictly 

representative of the mean diatom accumulation rate for the whole water body, owing to the 

complex pattern of sediment accumulation. However, when dealing with relative frequency data, 

replicate cores from a single lake do give similar results (Battarbee, 1978b; Anderson, 1989; 

Whitmore, 1991). The variation in the composition of surface sediment diatom assemblages is 

more likely to be problematic in lakes with slow sediment accumulation rates (Charles et al., 

1991), and less so in lakes with faster sediment accumulation rates. This is demonstrated by a 

study of Lough Augher, a shallow, eutrophic lake in Northern Ireland (Anderson, 1989), with 

a relatively fast sediment accumulation rate, where it was concluded that the diatom relative 

frequency profiles of replicate sediment cores from the lake would result in approximately the 

same ecological interpretation with respect to the lake’s trophic status. Therefore, given the 

expected fast sediment accumulation rates of the shallow, productive waters in the south-east of 

England, surface sediment representativity should be good.

Problems associated with representativity of a single surface sediment sample are reduced in 

small, artificial, shallow ponds. In the absence of deep basins and marked shelving, sediment 

accumulation rates are likely to be more uniform across the pond bed. The likelihood of 

sediment focusing is also reduced by the uniform water depth, and therefore within-site 

variability is lower and representativity of a single sample higher than in a larger, deeper system, 

where basin morphometry is often more complex.

Therefore, the assumption that the surface sediment diatom assemblages are a faithful 

representation of the contemporary diatom floras of these waters does appear to be a valid one, 

although not tested at any site, and in fact the small, shallow, artificial nature of these waters 

with relatively uniform water depth and well mixed water columns increases the likelihood that 

the fossil diatom record is of even composition and quality across the pond bed.

5.2 Counting strategy

A total of between 500 and 700 diatom valves was counted in each surface sediment sample, 

following the standard methods of Battarbee (1986a). Broken valves were common in some 

samples but fragments were generally large enough to count A strategy was adopted whereby 

fragments of species that included a distinctive valve centre were counted as a single valve and 

fragments of species with only recognisable ends were counted as half-valves. To ensure that
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a representative proportion of the coverslip was examined, counting was undertaken along 

several traverses of the slide including central areas and edges of the coverslip. Since data 

analysis was based on only the common taxa, occurring with a frequency of 1% in a minimum 

of 2 samples, no attempt was made to note all rare species in addition to those encountered 

during the counting procedure.

In a number of samples, the diatoms, particularly spp, occasionally occurred in chains,

and in these cases the total valve count was slightly increased to reduce over-representation of 

such taxa. This strategy has been adopted by other authors (eg. Battarbee, 1986b; Guzkowska 

& Gasse, 1990a). Long chains of infrequent taxa were never encountered and so statistical bias 

did not arise. A number of workers have increased total counts in samples where planktonic taxa 

predominant in order to ensure good representation of the non-planktonic component (eg. 

Flower, 1986). However, in the present study, predominance of planktonic diatoms only occurred 

in a few samples and so this strategy was not adopted. Additionally, planktonic species are 

considered to be more sensitive to epilimnetic water chemistry than non-planktonic taxa (as 

discussed below) and therefore little extra ecological information would be gained by increasing 

the count of non-plankton.

In contrast, it was over-representation of the non-planktonic component that proved to be more 

problematic in this study. Fragilaria was the common genus in many samples, comprising over 

50% of the total assemblage in a few cases, large enough to obscure the proportion of other taxa. 

Owing to the scarcity of other diatom taxa when Fragilaria spp dominated, it would have been 

extremely difficult and time-consuming to recount the samples, either by excluding the genus 

entirely (eg. Hakansson, 1989), or by increasing the count of non-Fragilaria taxa. Given that the 

exact source of the Fragilaria spp at each site was unknown and given the lack of ecological 

information existing for this genus, it was considered necessary to include the Fragilaria spp in 

the counting procedure. Most of the Fragilaria taxa encountered in this study are commonly 

associated with benthic habitats, eg. Fragilaria brevistriata, Fragilaria pinnata and Fragilaria 

construens and its varieties. Few of the planktonic Fragilaria species were observed, for example 

Fragilaria crotonensis was never found in the surface sediment samples, and in fact Fragilaria 

capucina and its variety mesolepta were the only possible planktonic Fragilaria species in this 

data-set. In summary, it was clearly not possible to have good representation of both planktonic 

and non-planktonic taxa in many of the surface sediment samples in the training set.
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5.3 Taxonomie descriptions

The strategy adopted for handling unknown diatoms in this study, largely follows the protocols 

listed in Stevenson et al (1991). Diatom preservation was generally good and enabled 

identification to at least genus level. When diatoms could not be identified to species level due 

to breakage, occurrence in girdle view or because they were partly obscured, the genus name 

was assigned, for example Fragilaria spp, Navicula spp.

Diatoms which were recognisable to species level but which were infrequent and for which a 

published description was not found, were given alphabetical codes, for example Nitzschia [sp. 

A], Nitzschia [sp. B] etc. This was often the case for Nitzschia and small Navicula taxa, which 

are taxonomically difficult and were too rare in this data-set to justify detailed taxonomic work. 

Similarly, a few rare centric taxa were observed, thought to be of the genus Aulacoseira, but 

because of the difficulties of matching girdle views with valve views, exact names could not be 

easily assigned. Due to the infrequent occurrence of these taxa, they were named "unknown 

[centric sp. 1]", "unknown [centric sp. 2]" and so on.

Diatoms which closely resembled a particular species but did not exactly match the published 

descriptions, were placed in a [cf.] category, for example, Nitzschia [cf. perminuta]. This 

category was most commonly applied to the Nitzschia group and in all cases these taxa occurred 

infrequently. Only one such taxon, Cyclostephanos [cf. tholiformis] was commonly observed and 

is described below, along with brief descriptions of some of the common taxa in the surface 

sediment data-set, which are difficult taxonomically. Published descriptions were found for all 

other specimens and were identified to species or variety level. See Plates 1-3 for scanning 

electron micrographs and Plate 4 for light micrographs of some of the taxa described below.

Achnanthes minutissima Kutz.

It was decided not to differentiate between Æ minutissima and A microcephala, following the 

recommendations in the SWAP guidelines (Stevenson et al, 1991). These two taxa are extremely 

difficult to split and appear to have similar ecological preferences.

Achnanthes minutissima var. robusta Hustedt

This variety is distinguished by its consistently wider valve with a broader, more distinctive axial 

area and striae coarser than in the nominate; for example, transapical striae density of 23-26 in
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10 pm compared with 33 in 10 pm in the nominate, and a valve width of 4-5 pm compared with 

only 2-4 pm in the nominate. This species was abundant in site No. 105 and the specimens 

match those in Lange-Bertalot and Krammer (1989), T51, figures 42-45, p.268.

Cyclotella radiosa (Grunow) Lemmermann/ Hakansson 1988

This taxon matches that described in Hakansson (1988), figures 42-52, and those in Krammer 

and Lange-Bertalot (1991a), T62, figures 10-12, p.57, volume 2/3, and has been incorrectly 

confused with C. comta (Ehrenb.) Kutz. in the past (Ross, 1987; Hakansson, 1988). This 

differentiation is important as C. comta is associated with oligotrophic to mesotrophic waters in 

alpine to subalpine regions, whereas C. radiosa is commonly found in eutrophic waters 

(Hakansson, 1989).

Cyclotella pseudostellisera Hustedt 1939

Two forms of C. pseudostelligera are found in the data-set. All specimens bear the characteristic 

bifurcate marginal striations and are flat to slightly undulate with an absence of both spines and 

central strutted processes (CSP). Marginal strutted processes (MSP) are present on every 3-6 

costae, seen in SEM, located between rather than on the costae themselves. Principally there is 

a larger (8-12 pm diameter), well-silicified form with a distinct central rosette feature [Krammer 

& Lange-Bertalot (1991a), T49, figures 5-7, p.51, volume 2/3] and a smaller form (3.5-7 pm 

diameter) with a more or less unomamented centre, similar to the small fcxms described by 

Kling and Hâkansson (1988), figs 102-103, in Canadian lakes. Given that both these forms 

match the published descriptions of C. pseudostelligera, they were later amalgamated. Plate 3 

a-d illustrates the variation in the species, as seen in SEM.

Cyclostevhanos dubius Fricke in Schmidt (Round 1982)

This commonly occurring taxon matches the published descriptions well (eg. Hickell & 

Hâkansson, 1987). The valves are strongly undulate with either a concave or convex central 

regicHi, and are almost always well-silicified coarse specimens, ranging in diameter from 8 to 15 

pm. The fascicles usually have 2-4 rows of areolae at the margin, decreasing to an irregular 

pattern of single areolae at the valve centre and the interfascicles clearly extend onto the valve 

margin; see Plate 1 a-d. The specimens in this data-set resemble those in Krammer and Lange- 

Bertalot (1991a), T67, figures 7-9b, p.65, volume 2/3.
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Cyclostevhanos invisitatus (Hohn and Hellerman) Theriot. Stoermer and Hâkansson comb, nov. 

This taxon fits the description given in Theriot et al. (1987). In this data-set, all specimens are 

small (6-8 pm diameter), have a flat central area with a CSP and have fine, biseriate fascicles, 

separated with interfascicles, each ending with a spine, almost identical to the published type in 

Krammer and Lange-Bertalot (1991a), T67, figure 3, p.63, volume 2/3.

Cyclostevhanos Icf. tholiformis^

In this data-set, a small Cyclostephanos form, very closely resembling the published description 

few C. tholiformis Stoermer, Hâkansson and Theriot 1987, emend Hâkansson and Kling 1990 

(Stoermer et al., 1987) was commonly observed. However, this taxon can only be identified with 

confidence using SEM, as its distinguishing features are not always clearly resolvable in the light 

microscope and after consultation with Dr. H. Hâkansson, it was decided to assign the name C. 

[cf. tholiformis]. The taxon bore the same principal features as C. dubius but was consistently 

smaller with a diameter range of 4-8 pm [cf. 7-12 pm diameter, Stoermer et al. (1987), and 4-7 

pm diameter, Anderscxi (1990)] and was more finely fasciculate; see Plate 1 e-f.

All valves were strongly undulate, often with "distinctly ridged costae", as observed by Anderson 

(1990) in his description of the same species from Lough Augher, Northern Ireland. Two satellite 

pores were observed cm the marginal fultoportulae using SEM, and internal branching of the 

interfascicles continued down the mantle, further supporting the use of this name in preference 

to C. delicatus (Genkal) Kling and Hâkansson comb, nov., as discussed in Hâkansscm and Kling 

(1990). Specimens in the present study closely resemble those illustrated in Krammer and Lange- 

Bertalot (1991a), T67, figures 6a and 6b, p.64, volume 2/3.

Cymbella yentricosa Kutz. 1844

Svncmvm: C. silesiaca Bleisch in Rabenhorst 1864.

This taxon includes only the larger, coarser forms of C. yentricosa, whilst the smaller, finer 

forms are separated and named C. minuta, as in other studies (eg. Stevenson et al, 1991) and 

as illustrated in Krammer and Lange-Bertalot (1986).

Stevhanodiscus varvus Stoermer and Hâkansson 1984

This taxon agreed well with its published descriptions (Stoermer & Hâkansson, 1984). All 

specimens were 4.5-9 pm in diameter (cf. 5-11 pm diameter in Stoermer & Hâkansson, 1984) 

and valves were generally flat to slightly undulate with a distinctive CSP, often located
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diagonally opposite the marginal labiate process, biseriate fascicles at the valve margin and 

spines on the interfascicles; see Plate 2 a-b. Two forms were observed and later combined. One 

form had coarser striations with randomly arranged central punctae, whilst the other form was 

finer, with a slightly more organized central punctae arrangement, similar to coarse forms of S. 

hantzschii fo. tenuis with a central rosette-like configuration, but here always with the presence 

of a clear CSP. These two forms were also observed by Stoermer and Hâkansson (1984) and 

were both named S. parvus.

Stephanodiscus hantzschii Grunow

This taxon was clearly distinguished from S. parvus by the absence of a CSP, and by the 

occurrence in many cases of a steeper mantle, very large MSPs and long, bifurcated spines. The 

size range was from 6-12 pm diameter, and this taxon was commonly larger than S. parvus. This 

species matches the description in Krammer and Lange-Bertalot (1991a), T75, figures 4-11, p.73, 

volume 2/3, and Hâkansson and Stoermer (1984); see Plate 2 c & f.

Stevhanodiscus hantzschii fo. tenuis (Hustedt) Hâkansson and Stoermer stat nov. 1984 

Basionvm: Stevhanodiscus tenuis Hustedt 1939. p.583-584. fig. 3.

This form was separated from the nominate on the basis of its broad multiseriate fascicles at the 

valve margin, tapering to uniseriate fascicles at the valve centre, and its finer punctae. The 

fascicles and ribs generally became sinuous towards the centre. A further differentiating feature 

was the presence of a central rosette of areolae surrounded by a hyaline ring, usually located 

to one side of the valve centre. Valves were in the size range 8-17 pm diameter and were 

commonly larger and more lightly silicified than the nominate. This taxon matches the 

descriptions given in Hâkansson and Stoermer (1984) and in Krammer and Lange-Bertalot 

(1991a), T75, figures 12-14, p.73, volume 2/3; see Plate 2 d-e.

Aulacoseira fsp. 11

This taxon occurred in only two sites in the data-set (Nos 58 and 74) [and also in the lower 

levels of the sediment core from Eleven Acre Lake (No. 4), as discussed in Chapter 8], with a 

relative frequency of 4.47% and 6.76% respectively. Its principal features were occurrence in 

short chains of cells, a strong sulcus, quite coarse punctae when observed in valve view, short 

spines and a valve diameter of 7 pm. Consultation with Dr. H. Hâkansson revealed this to be 

in the genus Aulacoseira, displaying features in common with both the distans group (Ehrenb.) 

Simonsen, and the subborealis group (cf. Stevenson et al., 1991), but did not match any
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published description. Given its infrequency in the data-set, further taxcxiomic woric was not 

justified and therefore the above name was assigned.

Frasiïaria brevistriata var. cavUata (Herib.) Bass 

SvnCTivm: F. brevistriata var. subcavitata Grunow

This variety was frequent in site No. 83 and was distinguished from the nominate by its clearly 

capitate ends and its consistently narrow, drawn out valve, occasionally appearing slightly 

sigmoid. Specimens were 10-15 pm long and only 3-4 pm wide, compared with widths generally 

> 4 pm in the nominate. The striae density was the same as the nominate, commoily 14 in 10 

pm and the striae were short and visibly punctate. The forms match the illustration of F. 

brevistriata var. capitata in the PIRLA Diatom Iconograph (eds. Cambum et al., 1984-1986) 

plate 22, figure 18.

Frasilaria construens var. venter (Ehrenb.) Grunow

This taxon was common in the data-set and was present in a variety of forms, ranging from 

almost elliptical to elliptical-lanceolate valves. Transapical striae density was commonly 14 in 

10 pm and valve size generally small though variable, in the range 6-9 pm in length by 5-7 pm 

wide. It was clearly separated from the nominate by its less well developed strong convex 

transapical central inflation. The variety of specimens found in the present study, closely match 

those illustrated in Hustedt (1959), 433, figures h-m, p. 159, volume 2. The variety of forms were 

separated during counting and subsequently amalgamated as a continuum appeared to exist.

Fraeilaria elliptica Schumann 1867

This small taxon was separated from F. construens var. venter, a similar taxon, on the basis of 

its narrower pseudoraphe and consistently broader, elliptical valve shape and often its coarser 

striae (commonly 13 in 10 pm). It was distinguished from F. pinnata, another similar taxon, as 

the striae were generally too fine for F. pinnata (=10-12 in 10 pm). However, these forms are 

very difficult to differentiate (eg. Haworth, 1975).

Fragilaria intermedia Grunow in Van Heurck 1881 and 

Fraeilaria vaucheriae (Kutz.) J. B. Petersen 1938

These two taxa are very similar and have been amalgamated by Petersen (1938). However, some 

workers still prefer to separate these taxa (eg. Stevenson et a l, 1991) and therefore it was 

decided to separate them if possible. In the present study, a finer form with 12-16 striae in 10
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|im was encountered infrequently, and more commonly a coarse form with 9-12 striae in 10 pm 

was observed. The former was given the name F. vaucheriae and the latter, frequent taxon F. 

intermedia y following published descriptions of striae density for the two taxa.

Navicula subrotundata Hustedt

This was the most commonly observed small Navicula species. It was distinguished by its 

diffuse central area and its consistently fine striae density of 24-25 in 10 pm. The valve size 

varied little, always being 13-14 pm long by 5-6 pm wide. The taxon matches that described by 

Hustedt (1945) as N. subrotundata and is illustrated in Simonsen (1987), plate 507, figures 26- 

35, p.l60, volume 3.

Nitzschia valea var. debilis (Kutz.) Grunow

This was a frequently occurring taxon in the data-set. It was separated from the nominate by its 

finer transapical striae (here 35-40 in 10 pm) and its finer, regular fibulae (here 16-17 in 10 pm) 

and also by its narrower valve (here 3.5-4 pm wide cf. N. palea which was often 4-5 pm wide) 

and more drawn out valve ends. The specimens in this data-set ranged in length from 15-60 pm, 

more commonly 25-35 pm and match those illustrated in Krammer and Lange-Bertalot (1988), 

T60, figures 1-3, p.86, volume 2/2.

Nitzschia Icf. valeacedX

A taxon observed in this data-set closely resembled the published description of N. paleacea 

(Grunow), but almost always had a valve width of 4 pm compared with the published range of 

1.5-4 pm. Few very slender valves were encountered and therefore the [cf.] category was 

assigned. In all other respects the taxon matched the descriptions. For example, the transapical 

striae were short and very fine and often not resolvable in LM (> 40 in 10 pm), the fibulae 

density was 14-16 in 10 pm, being more widely spaced at the centre, the valve lengths were in 

the range 20-30 pm and the valve ends were slightly capitate. The specimens closely resemble 

those illustrated in Krammer and Lange-Bertalot (1988), T81, figures 1-7, p. 114, volume 2/2.

Nitzschia [cf. valea / small!

This taxon bore all the features of N. palea (Kutz.) W. Sm. 1856, but it was consistently short, 

measuring 13-16 pm long, which is at the lowest extreme of N  palea's published length range 

(15-70 pm). It was a small, delicate form, usually 3-3.5 pm wide with 16 fibulae in 10 pm, and 

because of its short valve length it was decided to separate it from the nominate.
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Table 5.1 List of the most common taxa (>5% relative abundance) in the

surface sediment diatom assemblages of the 31 training set sites

Taxon Relative frequency (%

SITE 4 Eleven Acre Lake
Fragilaria brevistriata 53.22
Fragilaria construens var. venter 7.00
Fragilaria construens 5.53

SH E 7 Grendon Quarter Pond
Amphora pediculus 8.05
Stephanodiscus parvus 7.87

SITE 31 Abbey Lake
Fragilaria construens var. venter 37.52
Fragilaria brevistriata 18.13
Fragilaria construens 7.54
Amphora pediculus 5.39

SITE 34 Fleet Pond
Cyclostephanos [of. tholiformis] 15.23
Stephanodiscus parvus 10.03
Cyclostephanos dubius 9.69
Cyclotella atomus 9.17
Cyclostephanos invisitatus 7.96
Stephanodiscus hantzschii 6.92

SITE 37 Hammer Pond
Fragilaria capucina var. mesolepta 33.59
Fragilaria brevistriata 8.40
Achnanthes minutissima 6.84

SITE 42 Frensham Little Pond
Fragilaria brevistriata 26.41
Fragilaria construens 18.40
Aulacoseira ambigua 14.03
Fragilaria pinnata 10.02
Fragilaria elliptica 7.47
Fragilaria construens var. venter 5.46

SH E 50 Abbotts Wood Lake
Cyclotella pseudostelligera 25.65
Achnanthes minutissima 10.02
Navicula cryptocephala 6.41
Synedra rumpens 6.21
Fragilaria intermedia 6.01
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Table 5.1 continued

SITE 53 Cinder Hill Lake
Cyclotella pseudostelligera 10.92
Aulacoseira ambigua 9.60

SH E 57 Alburv Mill Pond
Achnanthes lanceolata 31.38
Navicula subrotundata 8.62
Fragilaria construens var. venter 8.10
Opephora martyi 7.76

SH E 58 Shortheath Pond
Fragilaria construens var. venter 25.38
Fragilaria elliptica 9.65
Achnanthes minutissima 7.78

SITE 65 Wiremill Lake
Cyclotella meneghiniana 29.56
Cyclotella pseudostelligera 16.11
Stephanodiscus hantzschii fo. tenuis 14.87
Cyclostephanos invisitatus 9.73
Cyclotella atomus 6.02

SH E 69 Hartwell Pond
Stephanodiscus hantzschii fo. tenuis 12.88
Cyclotella pseudostelligera 12.37
Stephanodiscus parvus 11.02
Synedra acus 6.78
Achnanthes minutissima 5.59

SITE 73 Sissinghurst Lake
Stephanodiscus parvus 8.92
Navicula subrotundata 7.91
Cyclotella pseudostelligera 7.41
Navicula cryptocephala 7.24
Cyclostephanos invisitatus 6.09
Navicula minima 5.39

SHE 74 Farthings Lake
Cyclotella pseudostelligera 24.68
Achnanthes minutissima 14.99
Aulacoseira granulata var. angustissima 10.42
Aulacoseira [sp. 1] 6.76
Aulacoseira ambigua 5.48
Cocconeis placentula 5.48

SH E 76 Beachborough Lake
Cyclotella pseudostelligera 55.65
Cyclostephanos [cf. tholiformis] 9.82
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Table 5.1 continued

SITE 79 North Pool
Achnanthes minutissima 14.76
Amphora pediculus 7.87
Nitzschia dissipata 5.71

SITE 82 Lower St. Clere Lake
Surirella minuta 12.18
Fragilaria elliptica 11.09
Nitzschia palea 7.64
Nitzschia [cf. palea / small] 5.45

SITE 83 Boldermere
Fragilaria construens var. venter 23.01
Fragilaria elliptica 18.74
Fragilaria brevistriata var. capitata 14.10
Achnanthes minutissima 5.20

SITE 85 Childenditch Pond
Achnanthes minutissima 17.83
Asterionella formosa 9.45
Synedra acus var. angustissima 8.02
Synedra minuscula 5.53

SITE 86 Blue Lagoon
Fragilaria elliptica 17.43
Nitzschia [ci. paleacea] 13.79
Fragilaria construens var. venter 12.84
Fragilaria pinnata 10.78
Achnanthes minutissima 5.39

SITE 88 Mundon Hall Pcmd
Amphora libyca 25.73
Gomphonema parvulum 17.80
Nitzschia amphibia 9.67
Navicula hungarica 9.09
Navicula halophila 6.19
Nitzschia constricta 5.22

SITE 98 Bonnington Lake
Asterionella formosa 17.42
Stephanodiscus parvus 16.83
Cyclotella pseudostelligera 11.35
Cyclostephanos [cf. tholiformis] 10.76
Stephanodiscus hantzschii fo. tenuis 9.00
Cyclostephanos invisitatus 6.85

191



Table 5.1 continued

SITE 100 Lily Lake
Cyclotella pseudostelligera 35.15
Cyclostephanos invisitatus 15.99
Stephanodiscus hantzschii fo. tenuis 6.33
Amphora libyca 5.10

SITE 101 Wintry Wood Lake
Fragilaria construens var. venter 35.03
Achnanthes minutissima 26.62

Sil E 105 Branches Paric Lake
Achnanthes minutissima 24.74
Achnanthes minutissima var. robusta 16.21

SITE 107 Debden Lake
Cyclostephanos dubius 42.03
Cyclotella pseudostelligera 11.56
Stephanodiscus parvus 5.60
Stephanodiscus hantzschii 5.25

SITE 108 Fowlmere Spring
Fragilaria pinnata 45.81
Fragilaria brevistriata 16.13
Fragilaria construens var. venter 8.23
Achnanthes minutissima 5.97

SITE 112 Hemingford Park Lake
Fragilaria brevistriata 37.75
Fragilaria pinnata 20.64
Fragilaria construens var. venter 19.13
Fragilaria construens 8.89

SITE 113 Mitchams Pit
Stephanodiscus parvus 35.21
Asterionella formosa 23.02
Cyclotella ocellata 13.26
Cyclotella pseudostelligera 8.08

SITE 114 Decov Lake
Cymbella microcephala 33.33
Achnanthes minutissima 13.74
Nitzschia palea var. debilis 5.68

SITE 120 Marsworth Reservoir
Cyclostephanos [cf. tholiformis] 33.52
Cyclostephanos dubius 14.34
Stephanodiscus parvus 13.22
Stephanodiscus hantzschii 5.96
Stephanodiscus hantzschii fo. tenuis 5.40
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Table 5.2 The total number of taxa recorded, total valve count and floristic 
diversity of the 31 surface sediment diatom assemblages.

Site code Total no. of 
taxa

Total valve 
count

Floristic I 
diversity |

004 39 543 0.07 1
007 73 559 0.13 1
031 42 557 0.08
034 63 578 0.11

037 62 512 0.12

042 36 549 0.07 1
050 64 499 0.13 1
053 74 531 0.14 1
057 59 580 0.10 1
058 60 591 0.10 1
065 40 565 0.07
069 50 590 0.08
073 51 594 0.09
074 60 547 0.11

076 48 611 0.08 1
079 81 508 0.16 1
082 49 550 0.09 1
083 63 539 0.12

085 72 561 0.13
086 55 631 0.09
088 38 517 0.07 1
098 44 511 0.09
100 48 569 0.08
101 47 571 0.08
105 52 586 0.09
107 46 571 0.08 1
108 32 620 0.05 1
112 19 596 0.03 1
113 38 656 0.06 1

114 51 546 0.09 1
120 43 537 0.08 1
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5.4 Numerical analysis of the diatom data

5.4.1 Summary statistics
A total of 310 taxa was recorded in the 31 surface sediment samples. The full taxon names and 

authorities are listed in Appendix 5. A large number of infrequent taxa usually occur in species 

data-sets and here a total of 102 taxa were present with a relative frequency of > 1% in a 

minimum of 2 sangles. These frequent taxa are maiiced "*" in Appendix 5. Table 5.1 lists the 

most common taxa present (with a relative frequency > 5%) in the surface sediment of each site, 

illustrating the importance of the small centric planktonic taxa (eg. Stephanodiscus and 

Cyclostephanos) and the Fragilaria species in the data-set.

Table 5.2 presents the total number of taxa recorded in each sample, the total valve count and 

a simple measure of floristic diversity, that is, the ratio of diatom taxa to valves counted. Total 

valve counts ranged from 499 in site No. 50, which was a difficult slide to count with a high 

clay content and badly broken diatom frustules, to 656 valves in site No. 113, which was 

dominated by one species {Stephanodiscus parvus). The total valve count was increased at this 

site to produce accurate relative percentages of the other taxa.

The total number of taxa recorded in a single surface sediment sample ranged from only 19 in 

site No. 112, which was dominated by Fragilaria spp, to 81 taxa in site No. 79, in which no 

single taxon exceeded a relative frequency of 15%. Hence, floristic diversity across the data-set 

was quite variable, ranging from 0.03 in site No. 112 to 0.16 in site No. 79. A total of 22 sites 

had a diversity score of 0.10 or less, reflecting the predominance of one or two species in 

shallow, nutrient-rich waters of this kind. This contrasts with a total of only 9 sites out of 34 

with a floristic diversity of 0.10 or less in a study of surface sediment diatom assemblages from 

34 relatively acid, nutrient-poor lakes in Galloway, south-west Scotland (Flower et al., 1986).

5.4.2. Detrended Correspondence Analysis (DCA)

DCA was employed to investigate the principal patterns of floristic variation in the data. In the 

DCA presented here, detrending was by segments with non-linear rescaling of the axes and rare 

species were downweighted (Hill & Gauch, 1980; ter Braak, 1987b, 1987c). Analysis was 

performed on the most common 102 taxa listed and marked in Appendix 5. Table 5.3 and 

Figures 5.1 and 5.2 present the results of DCA of all 31 surface sediment samples.
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Table 5.3 Eigenvalues and cumulative variance accounted for in a DCA of the

102 common taxa in the surface sediment diatom assemblages of 31

sites

Eigenvalue Cumulative variance

represented

Axis 1 0.617 13.3%

Axis 2 0.382 21.5%

Axis 3 0.249 26.9%

Axis 4 0.168 30.5%

It is not surprising that with a large number of taxa and "noisy” data with many zero values, that 

the DCA axes do not capture a large proportion of the cumulative variance of the species data 

(Stevenson et al., 1991). Despite the fact that the first two DCA axes only explain 21.5% (Table 

5.3) of the variance in the species data, the ordination plot is still informative.

A major outcome of the analysis was that Mundon Hall Pond (No. 88) was a clear outlier in 

terms of its diatom assemblage (Figure 5.1) and it is evident from Figure 5.2 that the eight 

uppermost diatom taxa on the plot were so located because of their high relative abundance at 

this site (ie. AMOllA, GO013A, NA004A, NA007B, NA022A, NI008A, NI014A, and SU073A). 

These taxa were not recorded in similarly high percentages at any other site in the data-set. 

Owing to the high scores on axis 2 for this sample, the scaling concentrates the remaining 

samples into a small area of the plot, making it difficult to interpret, therefore the DCA was re

run treating site No. 88 as passive and thus downweighting its significance. The results are 

presented in Table 5.4 and Figures 5.3 and 5.4.

195



Table 5.4 Eigenvalues and cumulative variance accounted for in a DCA of the

1 0 2  common taxa in the surface sediment diatom assemblages of 30

sites

Eigenvalue Cumulative variance

represented

Axis 1 0.617 14.5%

Axis 2 0.277 21.0%

Axis 3 0.197 25.6%

Axis 4 0.104 28.0%

Table 5.4 shows that the results are very similar to those in Table 5.3. However because site No. 

88 was treated passively and its impact on axis 2 was reduced, the eigenvalue for the second axis 

was not as high and a larger proportion of the cumulative variance of the species data was 

captured by axis 1 in the second analysis. The less condensed distribution of the samples and 

species on the plots enabled a clearer interpretation of the DCA results.

Axis 1 appears to be partly a nutrient axis as diatom taxa known to be indicators of very 

eutrophic waters are positioned on the right-hand side of Figure 5.4, eg. Cyclostephanos dubius 

{CCO^lA),Stephanodiscus hantzschii A),Stephanodiscus hantzschiiio. tenuis (ST002A), 

Cyclostephanos [cf. tholiformis] (CC9997), Stephanodiscus parvus (STOlOA) and Cyclotella 

meneghiniana (CY003A), and the sites with high annual mean TP concentrations are positioned 

on the right-hand side of Figure 5.3, eg. Nos 34, 65, 98, 100 and 120.

Conversely, diatom taxa known to prefer less-rich, mesotrophic waters are positioned on the left- 

hand side of Figure 5.4, eg. Achnanthes clevei (AC006A), Fragilaria construens (FR002A), and 

Fragilaria construens var. venter (FR002C), and the sites with the lower annual mean TP 

concentrations are positioned on the left-hand side of Figure 5.3, eg. Nos 4,42, 83,101 and 108.

Although axis 1 appears to be mainly related to nutrients, there are clearly a number of other 

important factors controlling the species distributions, as there are exceptions to the general 

pattern described above. A number of sites with extremely high annual mean TP concentrations 

are also positioned towards the left-hand side of Figure 5.3, eg. Nos 31 and 112, and a number 

of diatom taxa known to favour eutrophic waters are positioned on the left-side of Figure 5.4,
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eg. Fragilaria pinnata (FROOIA), Fragilaria brevistriata (FR006A) dnà Achnanthes lanceolata 

var. rostrata (ACOOIB).

If the diatom taxa are grouped into two broad categories: ''planktonic” and ”non-planktonic”, 

based on published ecological descriptions (although the exact habitat of many taxa remains 

uncertain), it becomes evident that axis 1 is also partly a "habitat” or "life-form” axis. The 

planktonic taxa occur largely on the right-hand side of Figure 5.4, eg. the small centric taxa in 

the genera Cyclotella, Cyclostephanos and Stephanodiscus (CY002A, CY003A, CYOllA, 

CCOOIA, CC002A, CC9997, STOOIA, ST002A, STOlOA) and other planktonic forms such as 

Asterionella formosa (ASOOIA), and Aulacoseira granulata var. angustissima (AU003B). The 

non-planktonic taxa are located largely on the left-hand side of Figure 5.4, eg. the small 

Fragilaria species (FROOIA, FR002A, FR006A), and some of the small Navicula species 

(NA005A, NA114A), and in the centre of the diagram, eg. taxa in the genera Achnanthes 

(ACOOIA, AC013A, AC023A) and Cocconeis (COOOIA, COOOIB, C0005A).

If the sites are classified on a similar basis, according to whether they are dominated by 

planktonic or non-planktonic taxa, a similar pattern emerges with the samples dominated by 

planktonic taxa clearly located on the right-hand side of Figure 5.3 (eg. Nos 34, 65, 69, 76, 98, 

100,107,113,120), samples dominated by non-planktonic Fragilaria taxa on the left-hand side 

of the plot (eg. Nos 4, 31, 42, 83, 108,112), and samples dominated by non-planktonic taxa of 

the genus Achnanthes, positioned towards the centre of the plot (eg. Nos 57, 79, 85, 105).

Therefore, based solely on the known ecological preferences of the major diatom taxa, axis 1 

appears to be a combination of a nutrient and a life-form axis. This suggests that in future, it 

may be advisable to separate planktonic and non-planktonic forms to form distinct data-sets, in 

order to single out nutrients as the major explanatory variable. The statistical relationship 

between the ccxnmon diatom taxa and the environmental variables, including nutrients, is 

explored in the following chapter.
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Figure 5.1
DCA plot of the 31 surface 
Table 4.1 for site codes)

sediment samples on axes 1 and 2. (See
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Figure 5.2 DCA plot of the 102 common diatom taxa in the 31 surface sediment 
samples on axes 1 and 2. (See Appendix 5 for taxon codes)
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Figure 5.3 DCA plot of the 31 surface sediment samples on axes 1 and 2, 
treating No.88 as passive. (See Table 4.1 for site codes)
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Figure 5.4 DCA plot of the 102 common diatom taxa in the 31 surface sediment 
samples on axes 1 and 2, treating No. 88 as passive. (See Appendix 
5 for taxon codes)
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5.5 Discussion

5.5.1 The nature of the surface sediment diatom assemblages of shallow waters in south

east England.

There are principally two broad ^rpes of diatom assemblage in the surface sediments of the 

studied sites. One type is that dominated by small, centric planktonic taxa, typical of either very 

eutrophic (eg. Stephanodiscus hantzschii, Cyclostephanos [cf. tholi/ormis]) or eutrophic waters 

(eg. Cyclotella pseudostelligera), although there is rarely dominance by a single taxon (see Table 

5.1, site Nos 34, 65, 69, 76, 100, 107 and 120). This type of diatom assemblage has been 

observed in other relatively shallow, eutrophic water bodies, for example, Minnesota lakes 

(Brugam, 1983; Brugam etal., 1988), Upper Lough Erne (Battarbee, 1986b), and Lough Augher 

(Anderson, 1990).

The centric planktonic forms of the genus Aulacoseira are less well represented in the diatom 

assemblages of the present study, with the exception of A ambigua, which occurs in six sites, 

three of which are with a relative abundance of greater than 5% (Nos 42, 53 and 74), and A 

granulata var. angustissima, which occurs in only three samples. This contrasts with the findings 

of many other studies of chemically similar waters, where Aulacoseira taxa are frequently 

observed, for example. Loch Leven (Haworth, 1972) and Lough Neagh (Battarbee, 1978a).

Possible explanations could be that in hypertrophic waters, this genus is out-competed by the 

smaller, centric forms described above, because Aulacoseira spp perform less well under high 

P concentrations and low Si:P conditions (Lund, 1954; Kilham, 1971; Tilman, 1977; Kilham & 

Tilman, 1979; Tilman et aL, 1982; Kilham & Kilham, 1984, 1990). This is discussed in more 

detail in Chapter 7 (7.2.2). In the less eutrophic waters, with which Aulacoseira species are often 

associated, the presence of abundant macrophytes and large areas for the colonisation of benthic 

communities on the sediment surface at many sites, results in the dominance of non-planktonic 

taxa rather than mesotrophic, planktonic forms. Additionally, these shallow waters may be 

unfavourable to Aulacoseira species because taxa of this genus have faster sinking rates than the 

smaller centric forms, such as Stephanodiscus species, and the shallow nature of the water 

column with its inherent shallow mixed depth may not provide sufficient turbulence for these 

heavier, larger planktonic forms to survive few long periods in the water column (Lund, 1966; 

Uhlmann, 1971; Gibson, 1984).
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A number of the araphidinate planktonic taxa, often associated with enriched waters [eg. as 

observed by Stockner & Benson (1967), Reynolds (1973b), Youngman & Farley (1980)] are also 

poorly represented or absent in the south-east England sites. Asterionella formosa is present in 

13 sites but occurred with a relative abundance of over 5% in only 3 samples (Nos 85, 98 and 

113) and Fragilaria crotonensis is never observed in the surface sediment diatom assemblages. 

A possible explanation for this, in addition to those reasons suggested for the lack of taxa of the 

genus Aulacoseira, is that waters in south-east England have high alkalinities (data-set mean =

2.5 meq 1'̂ ), favouring the dominance of Stephanodiscus and Cyclostephanos taxa, rather than 

araphidinate planktonic taxa, which are considered to be associated with low alkalinity lakes 

(Brugam, 1979,1983). Water depth may also be important, as algal loss through sedimentation 

is higher in shallow lakes than deep ones, because of the shcxter settling distance (Jeppesen et 

al., 1992). The three sites which do support relatively large Asterionella formosa populations all 

have a maximum water depth of 2.5 m or deeper and the maximum occurrence of this taxon of 

23% is recorded from the deepest site in the data-set (No. 113; maximum depth 12.0 m). 

Therefore, the first type of diatom assemblage observed in this set of lakes confirms that 

planktonic Stephanodiscus, Cyclostephanos and some of the small Cyclotella species are an 

important component of the diatom flora of shallow, alkaline, eutrophic waters.

The other major type of diatom assemblage in the south-east England surface sediment data-set 

is that dominated by ncxi-planktonic taxa, most commonly Fragilaria species (eg. Nos 4, 31, 42, 

58, 83, 101, 108 and 112) and to a lesser extent Achnanthes species (eg. Nos 57 and 105). 

Fragilaria taxa (eg. F. brevistriata, F. construens, F. construens var. venter, F. elliptica, and F. 

pinnata) have been shown to dominate the non-planktonic component of shallow water bodies 

in a number of studies; for example. Barton Broad (Osborne & Moss, 1977), Silent Pool (Moss, 

1985), Lough Erne (Battarbee, 1986b), Minnesota lakes (Brugam et aL, 1988), Canadian lakes 

(Agbeti & Dickman, 1989), Diss Mere (Fritz, 1989), and Lough Augher (Anderson, 1989), and 

Battarbee (1986a) reports that massive dominance of Fragilaria species in shallow, alkaline lakes 

is not unusual. Fragilaria species have also been found to dominate alkaline late-glacial habitats 

(eg. Haworth, 1975, 1976; Hâkansson, 1984), in which they are considered to indicate nutrient- 

poor conditions.

In the present study, the exact origin of the non-planktonic taxa was not ascertained as sampling 

of live ccxnmunities was not undertaken. However, the Fragilaria m é Achnanthes taxa observed 

in the surface sediment samples are species commonly associated with benthic or epiphytic
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habitats (Round, 1981; Round et aL, 1990) and therefore a likely explanation for their dominance 

is that the very shallow waters provide a considerable area, both in the littoral zone and even 

in the profundal zone, for benthic forms to colcmize with much of the bottom sediment lying 

within the photic zone. This is supported by the Secchi depth data as the sites in which non- 

planktonic forms, particularly Fragilaria species, dominate the diatom assemblages are 

commonly those where the Secchi depth was either not obtained because it was greater than the 

maximum water depth of the site (eg. Nos 31,57,105,108 and 112), or where Secchi depth was 

greater than the water depth across most of the pond area (eg. Nos 58, 83 and 101) thus allowing 

light to penetrate to the shallow sediments and promoting the growth of dense benthic 

populations. In the case of site Nos 31, 108 and 112, Fragilaria species were observed living 

in situ on the sediment surface, thus accounting for their dominance in the surface sediment 

diatom assemblages.

Many of the sampled water bodies have well developed fringing reed-beds (eg. Phragmites spp, 

Carex spp and Typha latifolia) and both emergent macrophytes (eg. Equisetum spp) and floating 

leaf species (eg. Nymphaea, Nuphar and Potamogeton spp) all providing surfaces for the 

colonisation of epiphytic communities. The algae themselves may also act as hosts to secondary 

epiphytes, especially in enriched, shallow sites such as these, where algal mats occur essentially 

providing an additional substrate for epiphytic development. Therefore, it is not surprising that 

many of the shallow waters in the data-set are dcxninated by non-planktonic diatom taxa and this 

second major diatom assemblage suggests that littoral communities may form an important 

component of the diatom flora and hence make a significant contribution to whole lake diatom 

productivity in waters of this kind (cf. Anderson, 1989).

A number of authors have discussed the importance of littoral productivity in shallow waters. 

For example, Osborne and Moss (1977) in their study of Barton Broad, a shallow, eutrophic lake 

in Norfolk, observed an abundance of Fragilaria species associated with marginal reed-beds and 

suggested that cwganic matter, rich in P was transported into the Broad from the reed fringes and 

ultimately resulted in increased P retention in the lake sediment. A further example is the work 

of Anderson (1989) on Lough Augher, a shallow, eutrophic lake in County Tyrone, where the 

non-planktonic taxa had higher accumulation rates than the plankton in the studied sediment 

cores and the derived whole-basin accumulation rate indicated that littoral communities were 

possibly important to both the total diatom productivity and to that of the lake as a whole.
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5.5.2 The problems associated with non-planktonic taxa in shallow waters in relation to 

nutrient transfer functions
The discussion above highlights the importance of non-planktonic taxa in the surface sediment 

diatom assemblages of the south-east England ponds. Unfortunately there is a lack of published 

ecological infcxmation available for many of the non-planktonic diatom taxa (cf. Brugam et aL, 

1988), and almost all the published work to date, which has examined the ecology of diatoms 

in relation to nutrients has focused on planktonic populations (eg. Gibson et aL, 1971; Reynolds, 

1973b, 1984a; Bailey-Watts, 1982; Hecky et aL, 1986; Hecky & Kilham, 1988; Sommer, 1988; 

and Willén, 1991). It seems that this is largely due to the belief that non-planktonic forms are 

less sensitive to changes in epilimnetic water chemistry than plankton. For example, Harris and 

Vollenweider (1982) in their palaeolimnological study of Lake Erie reported that as the benthic 

species of Cymbella, Gyrosigma, Fragilaria and Navicula were not represented in the plankton, 

that they displayed no marked correlation with the changing trophic status of the water column. 

Similarly, Brugam’s study (1983) of surface sediment diatom assemblages in Minnesota lakes 

was purposely based on deep lakes in order to minimize the occurrence of benthic taxa, as 

planktonic species were considered to be better related to lake water chemistry.

Clearly, benthic taxa are likely to be affected by factors in addition to epilimnetic water 

chemistry, for example variations in substrate, and epiphytic taxa are likely to be influenced by 

the extent of macrophyte development. The relationship between non-planktonic taxa and 

epilimnetic nutrient concentrations is complicated by the availability of alternative sources of 

nutrients for these forms. For example, Fragilaria species growing in situ on the sediment 

surface in very shallow waters may have access to enhanced nutrient levels at the sediment-water 

interface, and epiphytic diatoms may derive nutrients from their hosts (eg. J(j)rgensen, 1957), 

although release of P from growing macrophytes is considered to be minimal in comparison with 

the amount of P that epiphytes obtain from the water (Granéli & Solander, 1988).

Furthermore, the relationship between diatom species and epilimnetic nutrient ccxicentrations may 

be complicated by competition between habitats. For example, blooms of planktcxiic diatoms (or 

green, or blue-green algae) which commonly occur in these eutrophic waters, can reduce the 

depth of the frfiotic zone, thus resulting in a decrease in the extent of benthic habitats, and 

possibly the loss of submerged macrophytes which act as hosts for epiphytic diatoms (Osborne 

& Moss, 1977). However, a number of studies on shallow lakes in the Norfolk Broads have 

demonstrated that the disappearance of submerged macrophytes can initially result from shading
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by large populations of non-planktonic algae, as the decline in macrophyte abundance preceded 

an increase in phytoplankton populations in these waters (eg. Phillips et aL, 1978; Moss, 1981). 

Shading effects may explain why a number of the surface sediment diatom assemblages in the 

south-east England data-set are dominated by the small planktonic diatom taxa with poor 

representation of non-planktonic forms.

A further problem associated with defining the ecological characteristics of many of the non- 

planktonic taxa is that many of these taxa can be found living under a wide range of chemical 

conditions and in different habitats to a greater extent than the small centric planktonic taxa, 

which are almost always observed in the open water and have better documented ecological 

tolerances. For example, many of the small Fragilaria and Achnanthes species can be found in 

epiphytic, epipelic or epilithic communities, growing in a vast range of conditions (Round, 

1981). Bradbury (1984) cites examples of varying interpretations of Fragilaria construens data, 

which highlights the widespread ecological distribution of this particular taxon. In fact, there is 

a great deal of contradiction and indecision in the literature concerning whether some of the taxa 

often described as non-planktonic are indeed entirely non-planktonic forms, as they have also 

been observed in planktonic communities. For example. Moss (1981) observed Synedra spp and 

Diatoma elongatum as established members of both planktonic and epiphytic communities in 

Hickling Broad. In the south-east England ponds, the confusion between plankton and non

plankton exists mainly in the Fragilaria, Synedra and Nitzschia groups, although the chemical 

optima for these taxa should not be affected by occurrence of a species in a number of different 

habitats.

5.5.3 Concluding comments

In summary, the surface sediment diatom assemblages of the studied sites are typical of 

mesotrophic to hypertrophic (OECD, 1982) temperate shallow waters. A notable feature is the 

dominance of small, centric planktonic taxa in the highly enriched waters, and non-planktonic 

taxa, particularly Fragilaria species, at a number of very shallow sites. The above discussion 

highlights the need for more research on the ecology of non-planktonic diatoms in shallow 

waters.

The accordance of the observed distributicms of the taxa in the surface sediment data-set along 

DCA axis 1, which represents a nutrient gradient, with published ecological information for these 

species, suggests that the uppermost sediments are contemporary (ie. recently accumulated
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material), and have not been so distuibed as to impair interpretation of the species data in 

relation to the contemporary water chemistry of the sites. This indicates that the surface sediment 

samples from these shallow water bodies are potentially useful for generating a training set. The 

relationship between the diatom species data and the measured environmental variables is 

examined fully in the following chapter.
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CHAPTER SIX

CANONICAL CORRESPONDENCE ANALYSIS (CCA)

OF THE TRAINING SET

6.1 Introduction

The previous two chapters discussed the environmental variables data-set and the surface 

sediment diatom assemblages of the 31 selected sites, separately. It is the aim of this chapter to 

relate the diatom species data to the measured contemporary limnological variables in order to 

f(xm a calibration or "training" set. The results of Canonical Correspondence Analysis (CCA) 

are presented. The envircximental variables that are most important in explaining the variance 

in the species data, and the selection of the most suitable single variable for the generation of 

a nutrient transfer function are discussed.

6.2 Canonical Correspondence Analysis (CCA)
6.2.1 Introduction

CCA was used to explore the patterns of floristic variation in the data that could be explained 

statistically by the measured environmental variables. CCA derives a set of ordination axis scores 

for both the diatom species and for the samples. For the first axis, species scores and sample 

scores are chosen to maximize the correlation between them, and for subsequent axes the scores 

are chosen to be uncorrelated to the scores on previous axes, but are still maximally correlated. 

In CCA, the sample scores are also constrained to be linear combinations of the measured 

environmental variables and thus CCA plots include sample and site scores, and vectors which 

represent the environmental variables. CCA assumes a unimodal response model for all diatom 

species in relation to the environmental gradients. Therefore, in summary, the CCA triplot 

simultaneously displays the major patterns of variation in the surface sediment diatom 

assemblages to the extent that these can be related to the measured environmental variables, and 

the principal pattern in the weighted averages of the individual diatom taxa in relation to the 

environmental variables (ter Braak, 1986; 1987a). The CCA plots are interpreted in much the 

same way as PCA plots, as described in Chapter 2 (2.8).

CCA was performed on the same 102 common diatom taxa as were used in the previous 

analyses. Both annual and winter arithmetic means of the 16 environmental variables, 

transformed as described in Chapter 4 (4.2.2) were used independently in CCA, to explore the
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differences and similarities that arise when seasonal data are aggregated in different ways. Given 

that surface sediment diatom samples contain assemblages which are mixed through time, and 

in which seasonal changes in the diatom flora are averaged out, annual means are generally 

considered to be the most appropriate value, although winter means may be important because 

nutrients are assumed to be in maximum supply at this time of year. Secchi depth was omitted 

from the analyses owing to the missing values for 7 sites and maximum water depth was log- 

transformed to reduce the influence of the one moderately deep site (No. 113) on the data. 

Therefore, only 15 environmental variables were included in CCA. Rare species were 

downweighted in all analyses.

6.2.2 CCA results using annual means

The results of CCA with all 31 sites active, 102 diatom taxa and the 15 environmental variables, 

expressed as annual mean values, are shown in Table 6.1 and Figure 6.1. The weighted 

correlation matrix, the summary statistics of the envircmmental variables included in the CCA, 

and the full species, site scores and environmental variable loadings are presented in 

Appendix 6.

Table 6.1 Summary statistics for CCA of 15 environmental variables, expressed 

as annual means, 102 diatom taxa, and 31 sites

CCA axes 1 2  3 4

Eigenvalues 0.424 0.383 0.301 0.250

Species-environment

correlations 0.945 0.849 0.902 0.960

Cumulative % variance:

of species data 9.1 17.4 23.9 29.3

of species-environment

relationship 16.1 30.6 42.1 51.6
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Figure 6.1a CCA plot of 31 sites on axes 1 and 2 in relation to 15 environmental
variables (expressed as annual means)
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Figure 6.1b CCA plot of the 102 common diatom taxa in the 31 surface sediment
samples on axes 1  and 2  in relation to 15 environmental variables
(expressed as annual means)
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Similarly to the DCA results [Chapter 5 (5.4.2)] the CCA results clearly show that Mundon Hall 

Pond (No. 88) is an outlier in terms of its unusual diatom assemblage, and has undue influence 

on the ordination. Owing to the high concentrations of the major ions, particularly Na\ K̂ , 

Mg" ,̂ Cl and SO4", and the high TP concentrations at this site, axis 1 is related to both the 

nutrient variables and the major ions, whilst axis 2 is related principally to TP and SRP. The 

CCA was re-run on the same data, with site No. 88 made passive. The results of this second 

analysis are presented in Table 6.2 and Figure 6.2. The weighted correlation matrix, the summary 

statistics of the environmental variables included in the CCA, and the full species, site scores 

and environmental variable loadings are presented in Appendix 6 .

Table 6.2 Summary statistics for CCA of 15 environmental variables, expressed 

as annual means, 102 diatom taxa, and 30 sites

CCA axes 1 2  3 4

Eigenvalues 0.399 0.359 0.252 0.236

Species-environment

correlations 0.877 0.898 0.961 0.940

Cumulative % variance:

of species data 9.4 17.8 23.7 29.3

of species-environment

relationship 16.4 31.1 41.5 51.2

This second analysis captures the variance in the species abundance-environmental relationship 

reasonably well with 31.1% of the variance being accounted for by the first two axes, and CCA 

axis 1 and 2 explaining 17.8% of the cumulative variance in the weighted averages of the diatom 

taxa. However, these percentages indicate that the distributions of the diatom taxa are also 

evidently controlled to an extent by some other unmeasured variable or variables and these 

potential factors are discussed in section 6.3 below. The CCA results show that with site No. 88 

made passive, axis 1 is clearly related to TP (r = 0.62), SRP (r = 0.57) and chlorophyll a (r = 

0.49), whilst axis 2 is (inversely) related to alkalinity (r = -0.48), Ca"  ̂(r = -0.36) and pH (r = - 

0.35). The arrows for TP, SRP and chlorophyll a are longer than those for pH and alkalinity, 

indicating their greater variance and importance in explaining the variance in the species data.
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Thus, axis 1 is principally a P axis, with high P sites located on the right-hand side of the 

diagram (eg. Nos 65, 98, 100 and 120) and lower P sites located on the left-hand side of the 

diagram (eg. Nos 83, 101,105 and 114), and axis 2 is essentially a pH and alkalinity axis, with 

lower pH and alkalinity sites positioned at the top of the diagram (eg. Nos 50 and 53) and higher 

pH and alkalinity sites at the bottom (eg. Nos 107 and 120). Similarly, the diatom taxa indicative 

of very eutrophic waters are located on the right-hand side of die diagram, for example, 

Cyclostephanos dubius (CCOOIA), Cyclostephanos [cf. tholiformis\ (CC9997), Stephanodiscus 

hantzschii (STOOIA) and Stephanodiscus parvus (STOlOA), and those taxa associated with less 

eutrophic waters are located on the left of Figure 6.2b, for example Fragilaria elliptica 

(FR018A), Cymbella microcephala (CM004A), Cyclotella radiosa (CY019A) and Achnanthes 

lanceolata var. rostrata (ACOOIB).

Forward selection was applied to this data-set (with site No. 88 passive) to identify a subset of 

the 15 environmental variables that could statistically explain the variance in the species data 

almost as well as the full environmental variables data-set. This enables the identification of the 

most significant variables, and identifies those variables that do not exert independent influences 

on the diatom distributions because of their correlation with one of the more significant 

variables. Forward selection ranks the environmental variables according to the variance they 

explain in the diatom species data. Monte Carlo unrestricted permutation tests, with 99 

permutations, were performed upon each selected variable in forward selection, using CANOCO 

(ter Braak, 1990) and a variable was considered to make a significant contribution to explaining 

the underlying variation in the diatom assemblages, where p ^ 0.05 (cf. Stevenson et aL, 1991). 

The results of forward selection are presented in Table 6.3.
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Figure 6.2a CCA plot of 31 sites on axes 1 and 2 in relation to 15 environmental
variables (expressed as annual means) with No. 8 8  treated as passive
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Figure 6.2b CCA plot of the 102 common diatom taxa in the 31 surface sediment
samples on axes 1 and 2 in relation to 15 environmental variables
(expressed as annual means) with No. 8 8  treated as passive
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Table 6.3 Results of forward selection for the 15 environmental variables, 
expressed as annual means, 102 diatom taxa, and 30 sites data-set

(The variance potentially explained by each environmental variable before 
forward selection, and variance explained with the addition of each significant 
environmental variable during forward selection is shown. The ranking of the 
variables is shown in parentheses; MD = maximum water depth)

Variable Before Added % of total 
variance explained

TP (1) 0.29 0.29 0.01 11.9%
SRP (3) 0.27 0.21 0.04 8 .6%
MD (2) 0.25 0.25 0.02 10.2%
chl-a 0.24
pH (4) 0.21 0.20 0.04 8 .2%
alk 0.20
SiOz 0.18
Ca++ 0.17
NO/ (5) 0.17 0.19 0.04 7.8%
Cl 0.14
Na+ 0.13
cond 0.13
K+ 0.13
Mg++ 0.11
SO4- 0.11

SUM 2.44 1.14 46.7%

The forward selection indicates that five of the 15 environmental variables make independent 

and significant contributions to explaining the variance in the species data. The most significant 

of these is TP which explains 11.9% of the total variance explained by all the measured 

environmental variables, followed by maximum water depth (MD) (10.2%), SRP (8.6%), pH 

(8.2%) and finally NO/ (7.8%). The results of CCA including only these 5 significant variables 

are displayed in Table 6.4 and Figure 6.3. The weighted correlation matrix, the summary 

statistics of the environmental variables included in the CCA, and the full species, site scores 

and environmental variable loadings are presented in Appendix 6 .
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Figure 6.3a CCA plot of 31 sites on axes 1 and 2 in relation to the 5 selected
environmental variables (expressed as annual means) with No. 8 8

treated as passive
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Figure 6.3b CCA plot of the 102 common diatom taxa in the 31 surface sediment
samples on axes 1  and 2  in relation to the selected 5 environmental
variables (expressed as annual means) with No. 8 8  treated as passive
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Table 6.4 Summary statistics for 5 environmental variables, expressed as annual 

means, 102 diatom taxa, and 30 sites

CCA axes 1 2  3 4

Eigenvalues 0.349 0.250 0.199 0.193

Species-environment

correlations 0.823 0.811 0.875 0.874

Cumulative % variance:

of species data 8.2 14.1 18.7 23.2

of species-environment

relationship 30.6 52.5 69.9 86.8

The eigenvalues for CCA axis 1 (0.349) and axis 2 (0.250), constrained to the five significant 

variables, capture 14.1% of the cumulative variance in the species data (Table 6.4). The species- 

environment correlations for CCA axis 1 (0.823) and axis 2 (0.811) are high, and the first two 

axes account for 52.5% of the variance in the diatom-environment relationship. The eigenvalues 

of, and species-environment correlations for axes 1 and 2 are therefore only slightly lower than 

for the CCA using all 15 environmental variables (cf. Table 6.2), indicating that the five 

variables provide a good representation of the major gradients in the diatom data.

The CCA constrained to the five significant environmental variables clearly shows the 

importance of TP (r = -0.57) and SRP (r = -0.56) in explaining the variance in the diatom 

species data. Axis 1 contrasts the high P sites which have diatom assemblages indicative of 

eutrc^hic conditions with lower P sites which have diatom assemblages associated with more 

mesotrophic waters. For example, site Nos 65, 98 and 120 all have high epilimnetic TP and SRP 

concentrations and have diatom assemblages dominated by small, centric planktonic taxa 

associated with very eutrophic waters, such as Stephanodiscus hantzschii (STOOIA), 

Stephanodiscus parvus (STOlOA) and Cyclostephanos [cf. tholiformis] (CC9997), and these sites 

and taxa are positioned on the far left of Figure 6.3 with negative scores. In contrast, site Nos 

101, 105 and 114 all have low epilimnetic TP and SRP concentrations and have diatom 

assemblages dominated by non-planktcmic taxa, associated with lower nutrient levels, such as 

Achnanthes minutissima (AC013A), Cymbella microcephala (CM004A), and Fragilaria
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construens var. venter (FR002C), and these sites and taxa ail have positive scores and are located 

on the right-hand side of the diagram.

Axis 1 is also related to maximum water depth (MD) (r = -0.49). The deepest sites in the data

set (eg. site Nos 85,113 and 120) are positioned on the left-hand side of Figure 6.3, whilst the 

very shallow sites (eg. Nos 83 and 108) are located on the right-hand side of the CCA plot. 

Similarly, the non-planktonic diatom taxa, typical of very shallow waters where there are large 

areas for the colonisation of epiphytic and benthic forms, are positioned on the right of the 

diagram, for example Fragilaria pinnata (FROOIA), Fragilaria construens (FR002A) and 

Fragilaria brevistriata (FR006A), and the araphidinate planktonic taxa, which favour deeper 

waters are located to the left, fot example Asterionella formosa (ASOOIA) and Synedra rumpens 

(SY002A). The other two significant variables are pH and NO/ but the shorter arrows for these 

variables indicate that they have lower variance and are less important in explaining the diatom 

species distributions than TP, SRP or maximum water depth.

6.2.3 CCA results using winter means
Bradbury (1984), and Davis and Smol (1986) discuss the importance of seasonal variability of 

chemical variables when studying the response of surface sediment diatom assemblages to 

environmental variables. Their criticism of many palaeolimnological studies is that the chemical 

analyses that accompany surface sediment diatom data-sets rarely show the seasonal variability 

that occurs in lakes and which ccxisequently affects the diatoms. Exploration of the seasonal 

environmental data in this study is therefore important. In order to explore the impact of 

aggregating the seasonal chemistry in different ways, the above analyses were performed on the 

same data-set but this time with arithmetic winter means (ie. the periods October 1990 to March 

1991, and October 1991 to December 1991).

Winter concentrations of nutrients are often thought to provide the best estimate of P and N 

available to algae because algal growth is at a minimum, and thus nutrient concentrations are 

generally at their maximum, providing an estimate of the amount available to the algae at the 

start of the growing season. However, the discussion in Chapter 4 highlighted the importance 

of summer P release in these shallow, productive waters and therefore summer nutrient 

concentrations may be as important as winter concentrations to algal growth. Therefore, it was 

impcxtant to identify whether the chemical data summarized as winter means provided different 

results than the data summarized as annual means, the latter of which also takes the summer
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concentrations into account.

The results of CCA with all 31 sites active, 102 diatom taxa and the 15 envircmmental variables, 

expressed as arithmetic winter mean values, are shown in Table 6.5 and Figure 6.4. The 

weighted correlation matrix, the summary statistics of the environmental variables included in 

the CCA, and the full species, site scores and environmental variable loadings are presented in 

Appendix 6.

Table 6.5 Summary statistics for CCA of 15 environmental variables, expressed 

as winter means, 102 diatom taxa, and 31 sites

CCA axes 1 2  3 4

Eigenvalues 0.436 0.423 0.290 0.233

Species-environment

correlations 0.880 0.945 0.893 0.917

Cumulative % variance:

of species data 9.4 18.5 24.7 29.8

of species-environment

relationship 16.6 32.7 43.7 52.5

The CCA results with all 31 sites active, are similar to those using annual arithmetic means. 

Mundon Hall Pond (No. 88) is again clearly an outlier because of its unusual diatom assemblage, 

and this site clearly influences the data, with axis 1 being principally related to the major ions. 

The CCA was re-run with this outlier made passive. The results are presented in Table 6.6 and 

Figure 6.5. The weighted correlation matrix, the summary statistics of the envircximental 

variables included in the CCA, and the full species, site scores and environmental variable 

loadings are presented in Appendix 6.
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Figure 6.4a CCA plot of 31 sites on axes 1 and 2 in relation to 15 environmental
variables (expressed as winter means)
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Figure 6.4b CCA plot of the 102 common diatom taxa in the 31 surface sediment
samples on axes 1 and 2 in relation to 15 environmental variables
(expressed as winter means)
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Figure 6.5a CCA plot of 31 sites on axes 1 and 2 in relation to 15 environmental
variables (expressed as winter means) with No. 8 8  treated as passive
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Figure 6.5b CCA plot of the 102 common diatom taxa in the 31 surface sediment
samples on axes 1 and 2 in relation to 15 environmental variables
(expressed as winter means) with No. 8 8  treated as passive
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Table 6.6 Summary statistics for CCA of 15 environmental variables, expressed 
as winter means, 102 diatom taxa, and 30 sites

CCA axes 1 2 3 4

Eigenvalues 0.438 0.323 0.243 0.224

Species-environment

correlations 0.874 0.893 0.922 0.911

Cumulative % variance:

of species data 10.3 17.9 23.6 28.8

of species-environment

relationship 18.1 31.4 41.4 50.7

This second analysis captures the variance in the species abundance-environmental relationship 

reasonably well with 31.4% of the variance in the diatom-environment relationship being 

accounted for by the first two axes. This is approximately the same amount as that captured 

using annual mean data. The configuration of the CCA plot using winter means is also very 

similar to that using annual means, with axis 1 (inversely) related to SRP (r = -0.55),

TP (r = -0.42) and maximum water depth (MD) (r = -0.46), and axis 2 related to pH (r = 0.54) 

and alkalinity (r = 0.50). The major difference between the two analyses is that SRP appears to 

be more important than TP when using the data summarized as winter means. This was tested 

using forward selection, as before. The results are presented in Table 6.7.
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Table 6.7

Variable

Results of forward selection for the 15 environmental variables, 
expressed as winter means, 102 diatom taxa, and 30 sites data-set

(The variance potentially explained by each environmental variable befcxe 
forward selection, and variance explained with the addition of each significant 
environmental variable during forward selection is shown. The ranking of the 
variables is shown in parentheses; MD = maximum water depth)

Before Added % of total 
variance explained

SRP (1) 0.31 0.31 0.01 12.8%
TP 0.28
MD (2) 0.25 0.24 0.02 9.9%
chl-a (5) 0.24 0.19 0.02 7.9%
pH (3) 0.22 0.22 0.02 9.1%
alk 0.19
SiOz 0.19
NO3- (4) 0.18 0.21 0.03 8.7%
Ca++ 0.16
Cl 0.16
Na+ 0.14
cond 0.12
K+ 0.12
Mg++ 0.11
SO4- 0.11

SUM 2.42 1.17 48.4%

The forward selection indicates that five of the 15 environmental variables make independent 

and significant caitributions to explaining the variance in the species data. The most significant 

of these is SRP which explains 12.8% of the total variance explained by all the measured 

environmental variables, followed by maximum water depth (MD) (9.9%), pH (9.1%), NO3 

(8.7%) and finally chlorophyll a (7.9%). The results of CCA including only these 5 significant 

variables are displayed in Table 6.8 and Figure 6 .6 . The weighted correlation matrix, the 

summary statistics of the environmental variables included in the CCA, and the full species, site 

scores and environmental variable loadings are presented in Appendix 6 .
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Figure 6 .6 a CCA plot of 31 sites on axes 1 and 2 in relation to the 5 selected
environmental variables (expressed as winter means) with No. 8 8

treated as passive
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Figure 6.6b CCA plot of the 102 common diatom taxa in the 31 surface sediment
samples on axes 1 and 2 in relation to the selected 5 environmental
variables (expressed as winter means) with No. 88 treated as passive
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Table 6.8 Summaiy statistics for CCA of 5 environmental variables, expressed 

as winter means, 102 diatom taxa, and 30 sites

CCA axes 1 2  3 4

Eigenvalues 0.378 0.249 0.196 0.188

Species-environment

correlations 0.834 0.842 0.893 0.863

Cumulative % variance:

of species data 8.9 14.7 19.3 23.7

of species-environment

relationship 32.3 53.5 70.3 86.4

The eigenvalues for CCA axis 1 (0.378) and axis 2 (0.249), constrained to the five significant 

variables, capture 14.7% of the cumulative variance in the species data (Table 6.8). The species- 

environment correlations for CCA axis 1 (0.834) and axis 2 (0.842) are high, and the first two 

axes account for 53.5% of the variance in the diatom-environment relationship, with respect to 

the five variables. As in the CCA with annual mean data, these five variables provide a good 

representation of the major gradients in the diatom data.

The CCA constrained to the five significant environmental variables clearly shows the 

importance of SRP (r = -0.64) and to a lesser extent maximum water depth (MD) (r = -0.47) in 

explaining the variance in the diatom species data. Axis 1 contrasts the high winter SRP sites 

which have diatom assemblages indicative of eutrophic conditions, with lower winter SRP sites 

which have diatom assemblages associated with more mesotrophic waters. For example, site Nos 

65, 98 and 120, all have high epilimnetic winter SRP concentrations and have diatom 

assemblages dominated by small, centric planktcaiic taxa associated with veiy eutrophic waters, 

such as Stephanodiscus hantzschii (STOOIA), Stephanodiscus parvus (STOlOA) and 

Cyclostephanos [cf. tholiformis] (CC9997), and these sites and taxa are positioned on the far left 

of Figure 6.6 with negative scores. In contrast, site Nos 58, 101, and 105 and all have low 

epilimnetic winter SRP concentrations and have diatom assemblages dominated by non- 

planktonic taxa, associated with lower nutrient levels, such as Achnanthes minutissima 

(AC013A), Cymbella microcephala (CM004A), zndFragilaria construens var. venter (FR002C),
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and these sites and taxa all have positive scores and are located on the right-hand side of Figure 

6.6. The sites on the right-hand side of the CCA plot also tend to be the shallower waters with 

associated non-planktonic taxa (eg. site Nos 83 and 108), and the deepest sites with associated 

larger planktonic forms are positioned on the left-hand side of the diagram (eg. site Nos 85 and 

113). The other three significant variables are chlorophyll a, pH and NO/ but the shorter arrows 

fcM* these variables indicate diat they have lower variance and are less important in explaining 

the diatom species distributions than SRP or maximum water depth.

6.3 Discussion

This discussion is concerned principally with the importance of P in explaining the surface 

sediment diatom species distributions. However, it is also important to note that there are many 

other potential growth regulating factors, both physical and biotic, in addition to P, which may 

have influenced the observed surface sediment diatcxn assemblages. This is evident from the 

CCA results, where clearly some unmeasured variables are also explaining the species 

distributions in the data-set. These are discussed briefly below.

One potentially important physical factor is light, which may favour the growth of one species 

over another, as diatoms vary in their competitive ability at different light intensities. Aulacoseira 

italica is light saturated at lower light intensities than Asterionella and ^ragilaria (Tailing, 

1957). In eutrofdiic waters, self-shading by large diatom populations has also been observed to 

limit growth (Reynolds, 1973b). Temperature may also influence species composition as some 

taxa have a narrow temperature range while others can tolerate wider ranges. For example, 

Stephanodiscus hantzschii is mainly restricted to abundant low-temperature growth (Willén, 

1991), whilst the growth of Asterionella and Fragilaria species appears not to be inhibited even 

at high temperatures (Reynolds, 1973b).

The onset and length of thermal stratification is important as reduced circulation results in a 

diminution in the depth of the surface mixed layer and a correspondingly extended photoperiod 

(Lund, 1965). For example, Reynolds and Bellinger (1992), attributed the high vernal relative 

abundance of Asterionella in Rostheme Mere to the delayed onset of thermal stratification, while 

the dominance of Melosira granulata and Stephanodiscus astraea in August was related to early 

breakdown of thermal stratification. Factors such as relative buoyancy of species and extent of 

water turbulence can also influence diatcxn growth as they govern the length of time a particular 

taxon can survive in the water column before sinking to the sediments (Lund, 1966; Gibson,
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1984). Small centric planktonic taxa found in the sediments of many of the sites in the south-east 

England data-set have high surface to volume ratios and are therefore favoured by slow sinking. 

For example, Sommer (1984) calculated average sinking velocities of the principal phytoplankton 

species in Lake Constance and showed that Fragilaria crotonensis had a faster sinking velocity 

than Asterionella formosa, which had a faster sinking velocity than Aulacoseira granulata, which 

in turn had a much faster sinking rate than Stephanodiscus hantzschii. Flushing rate, in addition 

to affecting nutrient concentrations, may also act as a "sorting” mechanism (Bailey-Watts et al, 

1990). In small, shallow waters such as the ones studied here, flushing rates could be quite high, 

particularly during periods of high rainfall and this may favour the survival of the more rapidly- 

growing species such as the small, weakly-silicified planktonic taxa of the genus Stephanodiscus, 

over the larger forms with slower growth rates, such as Asterionella formosa and Fragilaria 

crotonensis (cf. Bailey-Watts et al., 1990). These larger forms with slower growth rates may 

therefore not have sufficient time to sediment out, before being washed out of the lake (Jeppesen 

et al., 1993). Some of these physical factors may provide explanations as to why the larger, 

araphidinate planktonic taxa are not well represented in the surface sediment diatom assemblages 

in this study.

Biotic interactions may also be important growth regulators, for example selective grazing by 

zooplankton may lead to reduced populations of the more easily digested species, particularly 

in spring (eg. Vanni & Temte, 1990), whilst not affecting the larger, less easily digested forms. 

For example, species belonging to the genera Cyclotella, Stephanodiscus, Diatoma and 

Asterionella are considered to be more edible and are likely to be more readily grazed than 

Aulacoseira, Tabellaria and large colonial Fragilaria species (Reynolds, 1987). Planktivorous 

fish populations have also been observed to change lake biological structure by changing the 

zooplankton community and ultimately the phytoplankton (eg. Jeppesen et al., 1990b). For 

example in Lake Væng, a shallow, eutrophic lake in Denmark (S<|)ndergaard et a l, 1990b), the 

zoq)lankton community changed from one dominated by rotifers to larger cladocerans following 

fish removal, which in turn resulted in a change in the dominant diatom species from small 

Stephanodiscus hantzschii to the larger Asterionella spp. This was attributed to the increased 

grazing pressure of zooplankton on the small edible forms, resulting from increased zooplankton 

biomass. Grazing may therefore be important in the strongly eutrof^ic sites, dominated by small 

centric planktcmic taxa, where predators could suppress the superior nutrient competitors. Grazing 

on the planktonic communities may also contribute to the observed dominance of non-planktonic 

taxa in some surface sediments (eg. Uhlmann, 1971). Similarly, fungal parasitism may lead to
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a decline of a whole species population and is a well known cause of diatom mortality (Canter 

& Jaworski, 1979). Reynolds (1973b) demonstrated that an epidemic of chytrid fungi resulted 

in the decline in the population of the less resistant Asterionella formosa^ allowing the 

dominance of Stephanodiscus astraea to occur in Grose Mere, Shropshire.

Therefore, there are a number of potential physical and biotic factors which can affect diatom 

populations in eutrophic lakes and hence may have influenced the observed surface sediment 

assemblages. It is important to bear these in mind when interpreting the results, as clearly P 

availability cannot be the only controlling factor. In the diatom-pH transfer function studies, 

factors in addition to pH, such as altitude, water depth, and land-use were found to be important 

in CCA, and possible functional interactions between pH, aluminium and dissolved organic 

carbon (DOC) appeared to influence the performance of the WA models (Biiks et al., 1990b; 

Stevenson et al., 1991).

A comparison of the CCA results derived from analyses with winter means with those derived 

using annual means, shows that summarizing the data in different ways does not largely alter 

the overall patterns in the data. The eigenvalues for CCA axis 1 and axis 2 (constrained to the 

five significant variables in both cases) capture approximately the same amount of the 

cumulative variance in the species data (ie. annual data = 14.1%; winter data = 14.7%), and the 

species-environment correlations for CCA axis 1 and axis 2 are similarly high in both cases (ie. 

annual data, axis 1 = 0.823, axis 2 = 0.811; winter data, axis 1 = 0.834, axis 2 = 0.842). 

Likewise, the first two axes account for the same amount of the variance in the diatom- 

environment relationship in both cases, with respect to the five significant environmental 

variables (ie. annual data = 52.5%; winter data = 53.5%).

The major difference, however, is that when CCA is performed on annual mean data, both TP 

and SRP make independent and significant contributions to explaining the variance in the species 

data, suggesting that a significant amount of annual TP is not available P. This may be expected, 

given that a large proportion of TP is likely to be particulate in these shallow, turbid waters, and 

the seasonal data suggests that sediment resuspension is important at many sites. In addition, 

elevated TP levels are observed in the summer when algal biomass is high, but when SRP has 

become limiting. When CCA is performed on winter mean data, TP and SRP are correlated to 

the extent that TP does not exert a significant independent influence on the diatom species 

distributions, over and above SRP. This indicates that in the winter a large proportion of TP is
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available P, and thus it is SRP which has the greatest influence on the diatom assemblages. 

Therefore, in summary, the best single approximation of epilimnetic TP concentrations is that 

given by annual mean data, as this takes winter sediment resuspension, summer P release and 

elevated summer TP levels into account, whilst a better single estimate of SRP is given by using 

the data expressed as winter means because the biologically available forms are in maximum 

supply at this time.

The CCA results clearly indicate that annual TP and winter SRP are the most significant 

variables in explaining the variation in the species data, and that maximum water depth is also 

important TP and maximum water depth were also found to be the most significant variables, 

accounting for independent and statistically significant directions of variation in the distribution 

of diatom taxa, in a nutrient calibration data-set of 46 British Columbian lakes (Hall & Smol,

1992). As in the present study, the CCA of the British Columbian data-set was able to separate 

diatom assemblages that occurred in deeper lakes (ie. well developed planktonic floras) from 

those in shallower lakes (ie. non-planktonic Fragilaria species), and those that occurred in the 

more productive lakes (eg. dominated by Stephanodiscus species) from the assemblages in less 

productive waters (eg. dominated by Cymbella and Fragilaria species).

6.4 The suitability of TP and SRP for generating transfer functions
A further test is required to identify whether the variables annual mean TP and winter mean 

SRP are suitable for generating transfer functions. The more important an environmental variable 

is in explaining the species data, the larger the first constrained axis will be in comparison with 

the first unconstrained axis, and when reconstructing chemical variables from palaeolimnological 

data, it is essential that the first constrained eigenvalue is large compared with the other 

eigenvalues (ter Braak, 1987c). In a constrained CCA with annual mean TP as the only 

environmental variable, the ratio of the first eigenvalue to the second eigenvalue is 0.50, 

indicating that TP is a relatively strong variable, and TP explains 6.7% of the cumulative 

percentage variance in the species data. The results of this analysis are shown in Table 6.9.

Similarly, in a constrained CCA with winter mean SRP as the only environmental variable, the 

ratio of the first eigenvalue to the seccmd eigenvalue is 0.58, indicating that winter SRP is a 

relatively strong variable, and SRP explains 7.3% of the cumulative percentage variance in the 

species data. The results of this analysis are shown in Table 6.10.
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Table 6.9 Summary statistics for a constrained CCA, with annual mean TP as 

the only environmental variable, 102 diatom taxa, and 30 sites

CCA axes 1 2  3 4

Eigenvalues 0.286 0.573 0.360 0.294

Species-environment

correlations 0.804

Cumulative % variance:

of species data 6.7 20.2 28.6 35.5

of species environment 

relationship 100

Table 6.10 Summary statistics for a constrained CCA, with winter mean SRP as 

the only environmental variable,102 diatom taxa, and 30 sites

CCA axes 1 2  3 4

Eigenvalues 0.313 0.537 0.394 0.295

Species-environment

correlations 0.821

Cumulative % variance:

of species data 7.3 19.9 29.2 36.1

of species-environment 

relationship 100

The percentage of the variability in the diatom abundance data explained by the constrained 

ordinations for TP (6.7%) and SRP (7.3%) is comparable with results for a training set of 43 

eutrophic lakes in Northern Ireland, covering a similar range of TP values (Anderson et aL,

1993), where TP and SRP explained 8% and 6% respectively. If one compares the results with 

those for diatom species distributions in relation to lake acidity, the relationship between diatoms 

and pH is clearly stronger than that between diatoms and P observed here. For example, in a
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data-set for Adirondack lakes (Kingston et aL, 1992), the ratio of eigenvalue 1 to eigenvalue 2 

in a CCA constrained to a single variable, gave a result of 0.93 for lake pH, and in a similar 

data-set for Sudbury lakes in Canada, the ratio for pH was 0.84 (Dixit et aL, 1991). These values 

are high compared with those of 0.50 for TP and 0.58 for SRP in the present study. It would be 

unrealistic to expect the relationship between diatoms and P to be as strong as that between 

diatoms and lakewater pH because pH is known to exert direct physiological stress on diatoms, 

and highly influences other lakewater chemistiy parameters (Birks et aL, 1990b; Round, 1990; 

Gensemer, 1991), whereas interactions in eutrophic lakes are more complex. Even in this data

set, where pH is relatively constant (annual mean pH range 6.83 to 8.79), pH still makes a 

significant and independent contribution to the variation in the species data.

However, when compared with the nutrient data-set for British Columbian lakes (Hall & Smol, 

1992), where the ratio of the eigenvalue for axis 1 to the eigenvalue for axis 2 was 0.40 in a 

constrained CCA with TP as the only variable, the present study data-set performs rather better. 

The relationship between diatoms and TP in the British Columbian study based on this result, 

was considered to be sufficiently good for reconstructions based on WA models (Hall & Smol, 

1992) and Dixit et aL (1991) quote a ratio of ^ 0.50 for a variable to be suitable for the 

development of such models.

It can be concluded that although other factors, particularly maximum water depth in the south

east England data-set (and many other potential factors as discussed above) influence the 

composition of the surface sediment diatom assemblages, the strength of the relationships 

between the diatom species distributions and both annual mean TP and winter mean SRP in this 

data-set are sufficiently strong for the generation of transfer functions for south-east England.
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CHAPTER SEVEN

GENERATION OF A PHOSPHORUS TRANSFER FUNCTION 

FOR SOUTH-EAST ENGLAND

7.1 Introduction

Having established that annual mean TP and winter mean SRP are apprqjriate variables for 

generating inference models, this chapter describes the generation of the P transfer functions 

using the method of WA, and discusses the performance and accuracy of the model in order to 

identify whether the training set can produce a robust transfer function for south-east England, 

based on either the SRP and/cw the TP data.

7.1.1 The transfer function method

Statistical techniques can be used to derive a numerical equation which describes the relationship 

between a modem microfossil assemblage and a particular present-day environmental variable. 

This predictive equation or "transfer function" can then be applied to fossil assemblages to derive 

reconstructions of the past environment (eg. Imbrie & Kipp, 1971; Gasse & Tekaia, 1983; Biiks 

& Gordon, 1985). The relationship between a set of biological responses and environmental 

variables is expressed by the matrix equation:

Em =

where is a matrix of specified biological responses, such as the proportion of each diatom 

taxon in this study; is a matrix of environmental variables measured, such as P used here; 

and T„ is a matrix of modem transfer functions (Birks & Gordon, 1985). Therefore the 

environmental variables can be predicted from the biological variables by means of the matrix 

T„. If the transfer function is assumed to be invariant through time, estimates of the past 

environment Ê  can be derived from the fossil assemblage Xf, by the equation:

Ef = Xf T„

Any inference about the past based on the present, and thus the principle of transfer functions 

is based on a number of ecological assumptions. These are well documented by Imbrie and 

Webb (1981), and Birks and Gordon (1985), and are discussed in Chapter 1 (1.3.3).
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7.1.2 Weighted averaging (WA) methodology

WA (ter Braak & van Dam, 1989) is currently the most statistically robust and ecologically 

appropriate technique for generating inference models of this kind, as discussed in Chapter 1 

(1.3.3) and in the last few years many successful transfer functions have been generated using 

this method (eg. Bitks et al., 1990a; Fritz, 1990; Dbdtet aL, 1991; Walker ef a/., 1991; Agbeti, 

1992; Gumming et al., 1992; Hall & Smol, 1992; Kingston et al., 1992; Anderson et al., 1993; 

and Fritz et al., 1993). Therefore, WA is the method used here and was implemented by 

WACALIB 2.1 (Line & Birks, 1990) and an updated version 3.0 which incorporates 

bootstrapping subroutines (Line et al., 1991), and CALIBRATE (Juggins, unpubl.).

The first part of the WA technique involves the modelling of the surface sediment diatom 

species distributions to the measured envircmmental variable by regression. Secondly, WA 

calibration uses the species’ optima ("indicator values") and relative abundances of the taxa to 

estimate the environmental variable and thus to generate a transfer function. This is the subject 

of this chapter. The final stage of WA calibration, whereby the modelled species’ responses are 

applied to sediment cores and are used to infer past chemistry from the composition of fossil 

diatom assemblages, is discussed in Chapter 8. The WA methods are summarized in Chapter 2 

(2.8) and full details are given in ter Braak and Barendregt (1986), ter Braak and Looman 

(1986), ter Braak and Prentice (1988), ter Braak and van Dam (1989), and Birks et al. (1990a).

7.1.3 The use of logged data  ̂^

The TP and SRP data are expressed as log,g in all WA analyses. Logged data is favoured as it 

stabilizes the variance in the data and reduces skewness. This is important as WA only provides 

a robust regression and calibration procedure for situations when the response variable (ie. 

diatoms) show a broadly unimodal response to the predictive variable of interest (ie. P) and 

when the response curve is non-truncated (ter Braak & Prentice, 1988; Line & Biiks, 1990). 

Highly uneven species distributions along environmental gradients can scramble the order of the 

weighted averages for different species. It is only in the case of an even or uniform distribution 

over the whole range of the environmental gradient, or in the case of rare species with narrow 

ecological amplitudes, that the WA method reliably estimates the optimum, otherwise potentially 

misleading results can arise (ter Braak & Looman, 1986). However, the work of Ellenberg 

(1979) showed that the distribution of species indicator values along environmental gradients is 

often uneven and markedly skewed. Thus by changing the scale of the environmental variables 

to a log scale, this skewness problem can be reduced (ter Braak & Barendregt, 1986). Figure 7.1
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illustrates the distribution of some of the common diatom taxa along a TP gradient, using a) a 

linear scale and b) a loĝ o scale. This shows that when a linear scale is used the distributions 

become highly skewed, and that the simple logarithmic transformation helps to reduce this 

skewness.

7.1.4 Expressing weighted averaging results

LogiQ-transformed annual mean TP and logig-transformed winter mean SRP values were 

modelled independently and the results are described in the following section. Two sets of results 

are given for each model. One is simple WA and the other is WA(tol), which takes species’ 

tolerances into account by downweighting each species by its variance for the envircmmental 

parameter in question. The predictive abilities of the various models are assessed in terms of the 

adjusted r-squared correlation coefficient (r ̂ ), which describes the relationship between observed 

and diatom-inferred values, and in terms of the apparent root mean square error (RMSE) of 

prediction, and the bootstrapped root mean square error of prediction (RMSK̂ oot), divided into 

two components, s  ̂ (the part of the prediction error due to estimation error in the taxon 

parameters) and S2 (the part of the prediction error due to variation in diatom composition at the 

same water chemistry). These statistics are described fully in Chapter 2 (2.8).

In all analyses, inverse deshrinking regression rather than classical deshrinking was initially used 

because it minimises the errors across the overall data-set (ie. it minimises the RMSE) (Line & 

Bitks, 1990). Classical regression deshrinks more than inverse regression, as it takes the inferred 

values further away from the mean. Classical regression is preferable in cases such as the pH 

calibration data-sets (Bitks et al., 1990a), where the reconstructions are required to be more 

accurate at the low end of the pH gradient. In the present study, the reconstructions are required 

to work equally well across the full P range and hence the inverse method is preferable. 

However, classical deshrinking was performed on the final selected data-sets in order to examine 

whether this method reduces the trend in the residuals (ie. observed minus diatom-inferred 

values), which often occurs with the inverse deshrinking method (cf. Stevenson et al, 1991; Hall 

& Smol, 1992).
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Figure 7.1a Plots of the distribution of selected common diatom taxa along a TP
gradient using a linear scale (pg 1 *‘)

[The vertical axis is scaled from zero to the maximum abundance for that taxon in the 
data-set and the horizontal axis is scaled according to the mean annual TP concentration 
(^g r )̂ and is therefore the same for all plots].

Total phosphorus (pg 1'̂ )
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Figure 7.1b Plots of the distribution of selected common diatom taxa along a TP
gradient using a log,, scale (pg 1 )̂

[The vertical axis is scaled from zero to the maximum abundance for that taxon in the 
data-set and the horizontal axis is scaled according to ttie mean annual TP concaitration 
(logic Pg 1̂ ) and is therefore the same for all plots].

Total phosphorus (logio 1'̂ )
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7.2 Weighted averaging model for annual mean TP

7.2.1 Results

WA regression with inverse deshrinking was performed on the full data-set of 31 sites and 102 

common diatom taxa, using annual mean TP as the environmental variable to be inferred. The 

summary statistics for TP used for developing the model are shown in Table 7.1. The statistics 

summarizing the predictive ability of the simple WA and WA(tol) models are given in Table 7.2. 

Figure 7.2 shows the plots of a) observed versus diatom-inferred annual mean TP concentrations, 

and b) the observed versus residual annual mean TP values for the WA model. The simple WA 

inverse deshrinking regressicxi equation for annual mean TP (log pg 1'̂ ) based on the 31 site 

data-set, which performs better than WA(tol), is as follows:

and

Final x, = -2.509 + 2.175 Initial jc,- 

Initial x, = w* /

where is the abundance of taxon k in sample i (y^ ^ 0)

Ut is the WA estimate of the optimum of taxon k 

jc is the environmental variable to be inferred

Xi is the inferred value of the environmental variable x for the sample i { k -  ...jn

diatom taxa).

(ter Braak & van Dam, 1989; Birks et al., 1990a).

Table 7.1 Summary statistics for annual mean TP (log pg 1'*) of 31 sites used 

to develop the transfer function

[Back-transformed (un-logged) values in pg 1̂  are given in parentheses]

N 31

minimum 1.406 (25.47)

maximum 2.810 (645.65)

median 2.061 (115.08)

mean 2.120

standard deviaticm 0.3754
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Figure 7.2 Plots of a) observed versus inferred and b) observed versus residuals 
for annual mean TP (log pg 1‘), based on simple WA inverse 
regression (n=31)

I

^  3.0

2 .5 -

0 3 1 #
2.0 -

1.0
2.0 2.5 3.01.0 1.5

Observed TP

b  0.4

•a

I -0.2 -

-0.4 —

2.0
Observed TP

243



Table 7.2 Summary statistics for the predictive ability of the transfer function 

for inferring annual mean TP (log pg r ) using 31 sites

WA WA(tol)

r 2 (adjusted) 0.6784 0.7075

Apparent RMSE 0.2093 0.1996

RMSEboot 0.334 0.429

Sii 0.117 0.236

S2 0.313 0.359

Sii/S2 0.374 0.657

The results of this analysis clearly show that simple WA has a lower prediction error in the 

bootstrap test set than WA(tol), and in the absence of an independent test set, it is this measure 

which is considered to provide the most realistic RMSE of prediction for the training set [see 

Chapter 2 (2.8)]. Therefore, the WA(tol) results can be rejected as inferior and the following 

section will focus on the simple WA model results only.

Figure 7.2 clearly shows that the errors in the predictive ability of the model are influenced by 

one significant outlier. Abbey Lake (No. 31). This site does not fit the general pattern displayed 

by other sites, principally because it has a very high annual mean TP of 635.3 pg 1'̂  (which is 

the second highest in the data-set) but its surface sediment diatom assemblage is dominated by 

non-planktonic taxa, with benthic Fragilaria species constituting over 63% of the assemblage. 

This is atypical for the data-set, as in general the hypertrophic waters are dominated by high 

relative percentages of small centric planktonic taxa, whilst the small Fragilaria taxa are more 

common in the waters with lower annual mean TP concentrations. The reason for the dominance 

of benthic taxa at this site is most likely that the maximum water depth is only 1.2 m and the 

entire water column and the surface sediment are in the photic zone (as indicated by the Secchi 

depth data), thus providing sufficient light for the colonisation of benthic populations on the 

sediment surface. Therefore, light and water depth, rather than TP concentrations, which are high 

throughout the year (TP is always > 90 pg 1̂  and generally > 200 pg 1'̂ ) appear to be the major 

controlling factors at this site.

The WA calculations were performed on the same data-set but with site No. 31 omitted. The 

summary statistics for TP, used to generate the second model are shown in Table 7.3. The
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statistics summarizing the predictive ability of the simple WA and WA(tol) models are given in 

Table 7.4. Figure 7.3 shows the plots of a) observed versus diatom-inferred annual mean TP 

concentrations, and b) the observed versus residual annual mean TP values for the WA model. 

The simple WA inverse deshrinking regression equation for annual mean TP (log pg 1'̂ ) based 

on the 30 site data-set, which again performs better than WA(tol), is as follows using the 

equation format as above:

Final jc, = -2.206 + 2.046 * Initial

Table 7.3 Summary statistics for annual mean TP (log pg 1'*) of 30 sites used 

to develop the transfer function

[Back-transformed (un-logged) values in pg 1̂  are given in parentheses]

N 30
minimum 1.406 (25.47)

maximum 2.810 (645.65)
median 2.064 (115.88)

mean 2.097

standard deviation 0.3600

Table 7.4 Summary statistics for the predictive ability of the transfer function

for inferring annual mean TP (log pg r*) using 30 sites

WA WA(tol)

r 2 (adjusted) 0.7929 0.8039

Apparent RMSE 0.1610 0.1566

RM SE^ 0.279 0.405

Sii 0.089 0.227

§2 0.265 0.336

Sji/S2 0.336 0.676
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Figure 7.3 Plots of a) observed versus inferred and b) observed versus residuals 
for annual mean TP (log pg 1*‘) based on simple WA inverse 
regression (n=30)
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Table 7.5 Standard errors (RMSK ôot) of inferred values for a range of annual 

mean TP concentrations based on the inverse r^ression WA model 

using 30 sites

Observed TP (pg 1'̂ ) Lower and upper limits of errors (pg 1'̂ )

20 10.5 37.9

50 26.3 95.0

100 52.6 190.1

200 105.2 380.2

500 263.0 950.5

The WA results based on the 30 sites, indicate a clear improvement in the model with the outlier 

(site No. 31) excluded. As before, simple WA gives a lower prediction error in the bootstrapped 

test set (RMSEboot) than WA(tol). This has been observed in other diatom calibration data-sets, 

for example Bides et al. (1990a) and Kingston et al. (1992).

A comparison of the simple WA results for the 31 site and 30 site calibration data-sets, shows 

that the has been reduced from 0.334 to only 0.279 by excluding site No. 31, and the

high r  ̂value of 0.793 for 30 sites, compared to 0.678 with 31 sites, indicates an improvement 

in the model with the outlier removed. The correlation between the observed and diatom-inferred 

annual mean TP concentrations is now high, A range of TP concentrations (back-transformed 

to pg 1̂ ) with the standard errors for the inferred values, based on the RMSK̂ ôt of 0.279 are 

shown in Table 7.5. This table shows that the errors are quite large, particularly at high TP 

concentrations. However, given the natural inter- and intra-annual variability in TP 

concentrations in eutrophic lakes, which importantly appears to increase with increasing trophic 

status, as discussed in Chapter 4 (4.2.4.2) it would be unrealistic to expect to reduce the errors 

of the model to below the natural seasonal variability in measured TP concentrations in waters 

of this kind.
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Figure 7.4 Plots of selected common diatom taxa in the training set, divided into 
groups 1 to 4, showing their relative abundance along the annual 
mean TP gradient (log pg f  )

[The vertical axis is scaled from zero to the maximum abundance for that taxon in the 
data-set and the horizontal axis is scaled according to the mean annual TP ccwicentration 
(log (ig r*) aid is therefore the same for all plots. The taxa are arranged in groups 1 to 
4 , in order of increasing WA TP optima]

Group 1

Cymbella microcephala Achnanthes minutissima Nitzschia gracilis

Tabellaria flocculosa Cyclotella radiosa Cymbella ventricosa

Amphipleura pellucida Fragilaria construens var. venter Fragilaria elliptica

T P

248



Figure 7.4 continued

Group 2

Synedra rumpens Aulacoseira ambigua Nitzschia palea Achnanthes conspicua Navicula subrotunda ta

Cocconeis placentula Fragilaria construensCocconeis placentula Fragilaria construens Navicula cryptocephala

Fragilaria pinnata Fragilaria intermedia Synedra acus

Fragilaria brevistriata

Synedra ulna

Fragilaria brevistriata Diatoma elongatum

TP
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Figure 7.4 continued

Group 3 Stqjhanodiscus parvus Cyclostephanos invisilatus Cyclotella meneghiniana

Cycloatephanos ciibhis
fo t e n u i s

Stephanodiscus hantzschii Cyclostephanos (cf.tholiformis ]

Group 4
TP

Nitzschia palaea var. debilis Navicula pupula Navicula minima

Navicula radiosa var. tenella Amphora pedicuhis Nitzschia amphibia

Nitzschia dissipa ta Navicula gregaria

TP
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Table 7.6 Number of occurrences, maximum relative abundance, WA optimum 
and tolerance of a) annual mean TP, and b) winter mean SRP for the 
102 diatom taxa in the 30 site training set

Taxa are listed in order of increasing TP optima

O s
Q s

mm mm

00sd 00 5 S S ift
od mm 00

i § g §00 oo 00 O s
o

s
O s 00m m m

CM

s
m 00 00

CM

SO
00

m m
00 00 00 00 00

K
Pi

CM

CM

in
m m

m som m in m inm 00CM

CO

PO 00 CM

251



ato

Taxon
Code

Diatom Taxon No Max
%

a) TP 
optimum 
log Mg ! '

TP 
optimum 

Mg I '

TP 
tolerance 
log pg 1'

b)SR P  
optimum 
log Mg r*

SRP
optimum

Mgr'

SRP 
tolerance 
log Mg 1'

NI017A Nitzschia gracilis 21 3.50 1.894 78.3 0.421 1.078 12.0 0.577

ACOOIB Adinanthes lanceolata v. rostrata 6 2.95 1.899 79.3 0.173 0.872 7.4 0.478

NI008A Nitzschia frusttiltim 11 2.73 1.900 79.4 0.302 0.859 7.2 0.460

NI006A Nitzschia sigma 4 1.78 1.913 81.8 0.251 1.047 11.1 0.403

NA005A Navicula seminulum 15 3.38 1.951 89.3 0.325 1.123 13.3 0.575

SY002A Synedra rumpens 4 6.21 1.953 89.7 0.103 1.063 11.6 0.187

COOOIA Cocconeis placentula 21 5.48 1.954 89.9 0.286 1.082 12.1 0.467

G0003A Oomphonema angustatum 3 1.02 1.957 90.6 0.376 1.701 50.2 0.584

CMOOIA Cymbella ventricosa 16 1.01 1.964 92.0 0.289 1.083 12.1 0.526

NI196A Nitzschia palea v. debilis 11 5.68 1.964 92.0 0.451 1.333 21.5 0.486

AC006A Achnanthes clevei 3 1.27 1.970 93.3 0.269 1.093 12.4 0.655

FR018A Fragilaria elliptica 14 18.74 1.971 93.5 0.313 1.093 12.4 0.498

SYOlOA Synedra minuscula 4 5.53 1.972 93.8 0.123 1.113 13.0 0.177

FROOIA Fragilaria pinnata 18 45.81 1.972 93.8 0.237 0.922 8.4 0.397

COOOIB Cocconeis placentula v. euglypta 13 2.38 1.973 94.0 0.263 1.053 11.3 0.416

G09999 Oom|4ionema sp. 16 1.37 1.974 94.2 0.312 1.161 14.5 0.486

FR006A Fragilaria brevistriata 16 53.22 1.977 94.8 0.196 0.858 7.2 0.356

AU002A Aulacoseira ambigua 6 14.03 1.981 95.7 0.197 1.069 11.7 0.430
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KCO

Taxon
Code

Diatom Taxon No Max
%

a) TP 
optimum 
log Mg 1'

TP
optimum

Mg:'

TP 
tolerance 
k g  Mg:'

b)SRP  
optimum 
k g  Mg:'

SRP
optimum

M gf

SRP 
tolerance 
k g  Mg:'

FR9999 Fragilaria sp. 17 2.59 1.982 95.9 0.348 1.148 14.1 0.711

FR002A Fragilaria construens 9 18.40 1.991 97.9 0.239 0.886 7.7 0.337

FR007A Fragilaria vaucheriae 3 1.25 2.002 100.5 0.165 1.068 11.7 0.196

NA003B Navicula radiosa v. tenella 15 4.58 2.007 101.6 0.434 1.528 33.7 0.600

NI015A Nitzschia dissipata 20 5.71 2.011 102.6 0.399 1.189 15.5 0.651

GY005A Gyrosigma acuminatum 15 3.11 2.018 104.2 0.302 1.093 12.4 0.543

NA9999 Navicula sp. 28 2.86 2.022 105.2 0.362 1.178 15.1 0.563

FR019A Fragilaria intermedia 15 6.01 2.022 105.2 0.292 1.223 16.7 0.586

NA008A Navicula ihyncocephala 13 3.58 2.033 107.9 0.258 1.251 17.8 0.470

NA014A Navicula pupula 21 3.01 2.050 112.2 0.334 1.262 18.3 0.521

DTOOIA Diatoma elongatum 17 4.99 2.052 112.7 0.231 1.154 14.3 0.443

AM012A Amphora pediculus 19 8.05 2.058 114.3 0.314 1.195 15.7 0.524

G0050A Gomi^onema minutum 9 1.61 2.059 114.6 0.297 1.213 16.3 0.556

AC012A Adinanthes affinis 12 1.77 2.059 114.6 0.328 1.175 15.0 0.495

NI9999 Nitzschia sp. 30 3.95 2.068 116.9 0.378 1.361 23.0 0.618

SY015A Synedra tabulata 9 2.07 2.077 119.4 0.311 1.314 20.6 0.561

NA023A Navicula gregaria 21 3.45 2.082 120.8 0.386 1.412 25.8 0.674

FR009B Fragilaria capucina v. mesolepta 7 33.59 2.089 122.7 0.118 1.493 31.1 0.172
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g

Taxon
Code

Diatom Taxon No Max
%

a)T P  
(^timum 
log Mg I'

TP
optimum

Mgl*

TP
tolerance
log Mg 1*

b)SR P
optimum
log Mg 1*

SRP
optimum

Mgr*

SRP 
tolerance 
log Mgr*

AU003B Aulacoseira gran. v. angustissima 3 10.42 2.102 126.5 0.282 1.300 20.0 0.618

NA004B Navicula hungarica v. capitata 2 1.76 2.104 127.1 0.188 1.585 38.5 0.324

NA007B Navicula cryptocephala v. veneta 7 4.84 2.107 128.0 0.340 0.792 6.2 0.354

NI020A Nitzschia angustata 11 4.71 2.109 128.5 0.294 1.376 23.8 0.544

NI009A Nitzschia palea 22 7.64 2.111 129.1 0.336 1.333 21.5 0.587

SY003C Synedra acus v. angustissima 6 8.02 2.114 130.0 0.334 1.431 27.0 0.614

NA007A Navicula cryptocephala 21 7.24 2.117 130.9 0.314 1.433 27.1 0.536

FR009A Fragilaria capucina 7 1.45 2.123 132.7 0.264 1.498 31.5 0.634

NA030A Navicula menisculus 8 2.00 2.128 134.3 0.271 1.242 17.5 0.432

NA042A Navicula minima 13 5.39 2.139 137.7 0.364 1.533 34.1 0.583

GO013A Oomphonema parvulum 16 17.80 2.141 138.4 0.245 0.961 9.1 0.298

NI028A Nitzschia c^itellata 7 3.49 2.143 139.0 0.176 1.232 17.1 0.382

NI025A Nitzschia recta 13 1.35 2.152 141.9 0.313 1.428 26.8 0,504

NA004A Navicula hungarica 17 9.09 2.158 143.9 0.275 1.045 11.1 0.460

SY003A Synedra acus 22 6.78 2.173 148.9 0.318 1.547 35.2 0.642

C0005A Cocctxieis pediculus 4 3.04 2.173 148.9 0.153 1.272 18.7 0.196

FR002B Fragilaria construens v. bÛKxlis 15 2.81 2.176 150.0 0.304 1.309 20.4 0.518

NA022A Navicula halophila 10 6.19 2.179 151.0 0.269 1.101 12.6 0.403
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5Ul

Taxon
Code

Diatom Taxon No Max
%

a)T P  
t^timum 
log pg ] '

TP
<%)timum

Mgl'

TP 
tolerance 
log Mg 1'

b)SRP
r^timum
iôgMgï*

SRP
<%)timum

Mgr'

SRP 
tolenmce 
log Mgr*

AC023A Achnanthes conspicua 11 4.53 2.181 151.7 0.271 1.377 23.8 0.713

NI072A Nitzschia btemensis 4 1.51 2.183 152.4 0.159 1.503 31.8 0.337

ASOOIA Asterionella fonmosa 13 23.02 2.184 152.8 0.235 1.587 38.6 0.420

NI026A Nitzschia romana 5 2.50 2.187 153.8 0.369 1.503 31.8 0.605

SYOOIA Synedra ulna 21 2.93 2.192 155.6 0.270 1.541 34.8 0.616

CY002A Cyclotella pseudostelligera 20 55.65 2.199 158.1 0.273 1.395 24.8 0.569

N A l 14 A Navicula subrotundata 15 8.62 2.201 158.9 0.304 1.620 41.7 0.707

NI014A Nitzschia am[4iibia 12 9.67 2.215 164.1 0.213 1.031 10.7 0.454

NA057A Navicula elginensis 3 1.13 2.219 165.6 0.202 1.573 37.4 0.402

NI031A Nitzschia linearis 15 3.09 2.219 165.6 0.309 1.587 38.6 0.523

AMOllA Am^Aora libyca 21 25.73 2.236 172.2 0.243 1.023 10.5 0.416

G0003B Oomphcxiema angust.v. productum 3 4.58 2.246 176.2 0.028 2.029 106.9 0.310

NI007A Nitzschia hungarica 9 1.05 2.261 182.4 0.400 1.545 35.1 0.731

SU073B Surirella bréb. v. kuetzingii 7 1.35 2.284 192.3 0.231 1.465 29.2 0.689

MROOIA Méridien circulare 4 3.10 2.290 195.0 0.344 1.874 74.8 0.789

NI042A Nitzschia acicularis 15 3.27 2.294 196.8 0.289 1,539 34.6 0.527

STOlOA Stephanodiscus parvus 18 35.21 2.303 200.9 0.268 1.840 69.2 0.493

SU016A Surirella minuta 6 12.18 2.306 202.3 0.166 1.473 29.7 0.268

i
r»OS

1



K0\

Taxon
Code

Diatom Taxon No Max
%

a) TP 
optimum 
log Mg r*

TP
optimum

Mg:'

TP 
tolerance 
log Mg 1 ‘

b)SR P
optimum
logM gl'

SRP
optimum

Mgr'

SRP 
tolerance 
k g  Mg:'

NA009A Navicula lanceolata 5 1.38 2.332 214.8 0.450 2.026 106.2 0.587

CCOOIA Cyclostephanos dubixis 6 42.03 2.332 214.8 0.250 1.912 81.7 0.442

NA056A Navicula cuspidata 4 1.35 2.337 217.3 0.148 1.083 12.1 0.574

AC032A Achnanthes conspicua 3 4.71 2.338 217.8 0.105 1.946 88.3 0.218

ST9999 Ste^anodiscus sp. 9 1.24 2.386 243.2 0.312 1.767 58.5 0.789

ACOOIA Adinanthes lanceolata 22 31.38 2.406 254.7 0.238 2.120 131.8 0.588

NI044A Nitzschia intermedia 7 1.42 2.415 260.0 0.322 1.966 92.5 0.665

STOOIA Stephanodiscus hantzschii 14 6.92 2.460 288.4 0.245 2.008 101.9 0.549

CC002A Cyclostephanos invisitatus 15 15.99 2.483 304.1 0.211 1.925 84.1 0.531

ST002A Stephanodiscus hantzschii f.tenuis 12 14.87 2.494 311.9 0.233 2.153 142.2 0.489

CC9997 Cyclostephanos cf. tholiformis 9 33.52 2.527 336.5 0.238 2.165 146.2 0.582

CY003A Cyclotella meneghiniana 20 29.56 2.611 408.3 0.322 2.349 223.4 0.642

CYOllA Cyclotella atomus 9 9.17 2.614 411.1 0.248 2.353 225.4 0.476
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7.2.2 Diatom indicator taxa: weighted averaging optima and species distributions 

Plots of the relative abundances of selected, commcxi diatom taxa along the annual mean TP 

gradient are shown in Figure 7.4. This illustrates that many of the common taxa in the data-set 

display a mariced distribution pattern along the gradient, and indicates that certain species have 

narrow ecological tolerances and may act as good "indicator” taxa for this variable. A complete 

list of the WA annual mean TP optima (log pg 1*̂ and back-transformed to pg 1'̂ ), WA tolerance 

(log pg 1̂ ), along with the number of occurrences and maximum relative abundance in the 30 

site training set for the 102 taxa, is given in Table 7.6.

The distributicMi patterns of many of the diatom taxa along the TP gradient observed in this 

study, and their apparent ecological characteristics are consistent with patterns reported 

elsewhere. This is discussed below. The common taxa have been placed into four broad groups 

(defined subjectively) according to their statistical distribution along the gradient, ordered by 

their WA TP optima, in order to permit a description of the general ecological preferences and 

distribution patterns.

Group 1 taxa have the lowest WA TP optima and display a decrease in relative frequency with 

increasing TP levels. Their highest relative abundances are recorded in the samples from sites 

with the lowest TP concentrations. These taxa include Achnanthes minutissima (AGOISA), 

Fragilaria construens var. venter (FR002C), Fragilaria elliptica (FRO 18A), Nitzschia gracilis 

(NI017A), Cyclotella radiosa (CY019A), Cymbella microcephala (CM004A), Cymbella 

ventricosa (CMOOIA), Tabellariaflocculosa (TAOOIA), and Amphipleurapellucida (APOOIA).

The ecological preferences of many of these taxa are poorly documented, particularly in relation 

to nutrients. As expected, there are no true oligotrophic indicator species in the data-set given 

that the lowest annual mean TP concentration of the sampled waters is 25.46 pg 1̂  and lakes are 

generally considered to be oligotrophic at TP concentrations below 12 pg l \  Those taxa for 

which published information is available do follow patterns observed elsewhere. For example, 

Cyclotella radiosa is associated with mesotrophic waters, although there are conflicting views 

in the literature, owing to the fact that this taxon has been confused with C. comta in the past 

(Hâkansson, 1988).

Many of the diatom species in this group are reported to be widely distributed, displaying a 

preference for well-aerated, oxygen-rich waters. These include Achnanthes minutissima
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(Cholnoky, 1968; Schoeman, 191?), Nitzschia gracilis (Cholnoky, 1968; Gasse, 1986), Cymbella 

microcephala (Patrick & Reimer, 1975) and Cymbella ventricosa (Cholnoky, 1968). Therefore, 

low O2 concentrations in the more eutrophic waters may explain why these taxa perform less 

well at the upper end of the TP grad^t, though it is difficult to separate the influence of O2 

content and nutrient concentrations upon the species distributions.

The taxon Achnanthes minutissima shows a particularly marked decline with increasing TP 

concentrations in the present study. This pattern has also been observed in a set of lakes from 

Northern Ireland, which lie along a P gradient covering a similar range of values to the gradient 

in this study (Anderson, pers. comm.). A minutissima was abundant in Lough Augher, a 

eutrophic lake in Northern Ireland, prior to enrichment and was reported to decline in relative 

abundance as the lake became more eutrophic (Anderson, 1989). This taxon has also been 

reported to be the dominant species in waters with low SRP concentrations in southern England 

(Guzkowska & Gasse, 1990b). Therefore, it appears to act as a good ecological indicator when 

focusing on trophic gradients. The taxa in this group are therefore potential indicators of lower 

TP concentrations, associated with more mesotrophic to slightly eutrophic conditions (ie. TP 

range approximately 25-70 pg 1'*). For example, the WA TP optima for taxa in this group 

include Cymbella microcephala, CM004A (29 pg 1'̂ ); Tabellariaflocculosa, TAOOIA (50 pg 1'̂ ); 

Amphipleura pellucida, APOOIA (59 pg H), Achnanthes minutissima, AC013A (66 pg 1'̂ ), and 

Cyclotella radiosa, CY019A (70 pg 1'̂ ).

Group 2 taxa occur with their highest relative abundance in the centre of the TP gradient, with 

markedly lower percentages at the lower and upper ends, and have intermediate WA TP optima. 

These taxa include Achnanthes conspicua (AC023A), Fragilaria pinnata (FROOIA), Fragilaria 

construens (FR002A), Fragilaria brevistriata (FR006A), Fragilaria intermedia (FR019A), 

Cocconeis placentula (COOOIA), Navicula cryptocephala (NA007A), Navicula halophila 

(NA022A), Navicula subrotundata (NA114A), Nitzschia palea (NI009A), Synedra ulna 

(SYOOIA), Synedra rumpens (SY002A), Synedra acus (SY003A), Aulacoseira ambigua 

(AU002A), Diatoma elongatum (DTOOIA), Asterionella formosa (ASOOIA), and Cyclotella 

pseudostelligera (CY002A).

The distributions of many of these taxa are consistent with the ecological descriptions in the 

literature, as these taxa are commonly reported from mesotrophic to eutrophic waters. For 

example, the behaviour of Asterionella formosa has been well studied (eg. Lund, 1949, 1950,
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1964; Lund et al.̂  1963) and this species has been shown to perform best in mesotrophic waters, 

as it is often out-competed by small centric planktonic taxa under highly eutrophic conditions 

(Tilman, 1977). This taxon has been observed in the plankton of many lakes of mesotrophic 

water quality (eg. Stockner & Benson, 1967; Rosen, 1981; Brugam & Patterson, 1983). 

Likewise, the Aulacoseira species found in this study are usually associated with waters of 

intermediate trophic status (eg. Brugam, 1979; Hâkansson, 1989), as are the Synedra species (eg. 

Brugam & Patterson, 1983), the taxon Diatoma elongatum (eg. Haworth, 1972; Anderson, 1990) 

and Fragilaria construens (eg. Battarbee, 1986b). This confirms the usefulness of these taxa as 

indicators of intermediate TP concentrations. For example, the WA TP optima for taxa in this 

group have values lower than those for the small centric, planktonic taxa, eg. Aulacoseira 

ambigua, AU002A (96 pg 1'̂ ); Diatoma elongatum, DTOOIA (113 pg 1'̂ ); Synedra acus, 

SY003A (149 pg 1̂ ). Many of the small Fragilaria species also fall into this range of 

intermediate WA TP optima, eg. Fragilaria pinnata, FROOIA (94 pg \'̂ ), Fragilaria brevistriata, 

FR006A (95 pg 1*̂ ), and Fragilaria construens, FR002A (98 pg 1'̂ ); and interestingly many of 

these common, small Fragilaria taxa have very similar TP optima in this data-set.

Group 3 taxa show a strcxig positive relationship with increasing TP concentrations and have 

very high WA TP optima. This group is comprised exclusively of centric, planktonic forms 

which generally occur in high relative percentages at the uppermost end of the gradient, whilst 

constituting only a low percentage or being completely absent in samples from sites with mean 

annual TP concentrations of less than 100 pg l \  These taxa include Cyclotella meneghiniana 

(CY003A), Cyclotella atomus (CYOllA), Cyclostephanos dubius (CCOOIA), Cyclostephanos 

invisitatus (CC002A), Cyclostephanos [cf. tholiformis] (CC9997), Stephanodiscus hantzschii 

{SÏOOIA), Stephanodiscus hantzschii io. tenuis (ST002A), ?tné Stephanodiscus parvus (STOlOA).

The dominance of small, centric planktonic taxa of the genera Stephanodiscus, Cyclostephanos, 

and to a lesser extent Cyclotella in highly eutrophic, high alkalinity waters has been observed 

in many studies (eg. Bradbury, 1975; Brugam, 1979, 1983; Brettum, 1989; Hâkansson, 1989; 

Anderson, 1990). Although Cyclotella spp are generally considered to be indicators of 

oligotrophic conditions (Hâkansson, 1988), for example C. bodanica and C.stelligera, the results 

of this study suggest that Cyclotella species can occur across a large range of nutrient 

concentrations. In fact, C. meneghiniana and C atomus have often been recorded in highly 

eutrc^hic, alkaline waters and have been shown to favour very high TP concentraticms (eg. 

Bradbury, 1975; Tilman, 1977; Belcher & Swale, 1978; Brettum, 1989). Therefore, this group
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of taxa appear to be good indicators of highly eutrophic to hypertrc^hic conditions. For example, 

the WA TP optima for taxa in this group include Cyclostephanos dubius, CCOOIA (215 pg 1'̂ ); 

Stephanodiscus hantzschii, STOOIA (288 pg 1̂ ); Cyclostephanos invisitatus, CC002A (304 pg 

r^), and Cyclostephanos [cf. tholiformis], CC9997 (336.5 pg 1̂ ).

The distribution patterns of the taxa in Groups 2 and 3 along the TP gradient are consistent with 

the findings of studies on diatom competitive ability for nutrients, essentially the ratio of Si:P 

(eg. Kilham, 1971; Tilman, 1977; Tilman et al., 1982). The taxa which perform best at the most 

eutrc^hic end of the gradient (Group 3) are the small, centric forms found to predominate under 

low Si:P conditions, typical of strongly eutrophic waters where P enrichment has resulted in 

increased diatom productivity and ultimately a reduced Si02 supply. These taxa (ie. small 

Stephanodiscus, Cyclostephanos, and Cyclotella species) are usually lightly silicified and are 

good ccwnpetitors under low SiOg conditions, often out-competing the larger planktonic forms, 

which usually require more SiOa for growth (Kilham, 1971; Tilman, 1977).

The same studies showed that in less eutrophic conditions in which higher Si:P ratios occurred, 

the larger planktonic forms such as Asterionella formosa, Synedra species and Aulacoseira 

species could out-compete the small centrics, as they were less demanding of high P 

concentrations and such taxa have consistently been found in mesotrophic waters with relatively 

high SiOg concentrations (eg. Kilham, 1971; Tilman, 1977; Sommer, 1987). The distribution 

patterns of Asterionella formosa, Aulacoseira ambigua and Synedra species (ie. Group 2 taxa) 

in the present study, which occur in their highest relative abundances in the less strongly 

eutrophic waters and experience a decline in abundance at the uppermost end of the gradient, 

are clearly consistent with the nutrient competition theory and this may explain why they are 

replaced by the small centric taxa at the top end of the TP gradient.

Group 4 taxa display no marked distribution pattern along the TP gradient These taxa include 

Amphora pediculus (AM012A), Navicula radiosa var. tenella (NA003B), Navicula pupula 

(NA014A), Navicula gregaria (NA023A), Navicula minima (NA042A), Nitzschia amphibia 

(NI014A), Nitzschia dissipata (NI015A), and Nitzschia palea var. debilis (Nil96A). These taxa 

appear to perform equally well across the whole TP gradient and therefore have a wide 

ecological tolerance and do not act as such useful indicators of epilimnetic TP levels as the taxa 

in Groups 1 to 3. However, some of the species in this group, particularly the Navicula species, 

do occur in lower relative abundances at the uppermost end of the gradient, suggesting that they
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perform less well in hypertrc^hic conditions (eg. Navicula radiosa var. tenella ̂ Navicula pupula, 
Navicula gregaria, Navicula minima and Nitzschia palea var. debilis).

7.2.3 Discussion

The correlation between the observed and diatom-inferred annual mean TP concentrations is 

good. However, it is evident from Figure 7.3 that there is some scatter particularly in the centre 

of the TP gradient, and a number of sites have large residuals, indicating a discrepancy between 

the observed and inferred TP caicentrations. For example, Beachborou^ Lake (No. 76), North 

Pool (No. 79), Debden Lake (No. 107), and Mitchams Pit (No. 113), all have residuals greater 

than +0.20, indicating that the WA model is overestimating TP in these samples, whilst Albuiy 

Mill Pond (No. 57), Lower St. Clere Lake (No. 82), Blue Lagoon (No. 86), and Hemingford 

Paik Lake (No. 112), all have residuals greater than -0.20, indicating that the WA model is 

underestimating TP in these samples.

It is difficult to explain fully the exact reasons at each site but a number of possible suggestions 

are proposed here. One possible reason for the large residuals could be the dominance of one 

or two taxa in a sample, which is particularly problematic if that taxon is not well represented 

in the overall data-set, thus its calculated TP optimum may not be a good estimate. Any 

reconstructed value is likely to be more reliable if the taxa in the assemblage are well 

represented in the training set (cf. Birks et al., 1990a). For example, the inferred TP for site No. 

107 may have been overestimated because of the dominance of Cyclostephanos dubius 

(CYOOIA) which has a relative frequency of 42% in this sample, and yet cmly occurs in six 

samples in the training set, all of which have extremely high annual mean TP concentrations, 

thus generating a very high TP optimum for this taxon. Similarly in site No. 76, where 

Cyclotella pseudostelligera (CY002A) constitutes over 55% of the assemblage and this taxon has 

a high TP optimum because of its high relative frequencies in sites with much higher TP 

concentrations.

Another possible explanation is that some sites have high relative frequencies of taxa that do not 

occur in similar abundances in other sites, because of a factor specific to that one site, and 

therefore a reliable TP optimum may not have been derived. This is particularly relevant to site 

No. 79, which has many taxa, principally Gyrosigma and Nitzschia species, indicative of slightly 

brackish waters, which are infrequent in other sites. The diatoms in this sample appear to be 

largely influenced by the high conductivity of the water, as well as the P concentrations and this
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may explain \siiy the model does not reliably estimate the TP values for this site. Likewise, site 

No. 113 is very much deeper than the other sites in the data-set and supports high relative 

frequencies of large planktonic forms, such as Asterionella formosa, which are poorly 

represented in the data-set as a whole, or which are not included in the training set at all, for 

example, Cyclotella ocellata.

A further possible explanation for large residuals could be erratic seasonal peaks in TP 

concentrations, particularly if this is largely particulate, resulting from sediment resuspension for 

instance, which causes annual mean TP to be a poor estimate of what is really available to the 

diatoms. This may explain why the model underestimates for site No. 112. This site is extremely 

shallow (maximum water depth 0.8 m) and it is highly likely that the two measured peaks in TP 

concentrations during the water sampling period were a result of sediment resuspension. The lack 

of a simultaneous increase in SRP concentrations suggests that these increases were largely 

particulate P. This is also the case for site Nos 82 and 86, which experience single huge peaks 

in particulate P, which are much higher than the measured TP concentrations during the rest of 

the year. Therefore, it is not surprising that diatoms indicative of very eutrophic waters are not 

found at site No. 112, despite the high measured annual mean TP concentration (150 jjg 1*̂).

In addition, depth may be important at site No. 112, highlighting another potential explanation 

for a scatter in the model. As discussed in Chapter 5, non-planktonic taxa, particularly 

Fragilaria, are common in shallow waters when light can penetrate to the sediment surface, 

providing large areas for the colonisation of benthic forms, and at site No. 112 Fragilaria taxa 

constitute over 86% of the diatom assemblage. Given that these taxa have lower WA calculated 

TP optima than the measured annual TP concentration of the water, and that none of the small 

planktonic taxa with high TP optima are present in this sample, it is not surprising that the 

model underestimates TP fcx" this site. Furthermore, it is possible that the model underestimates 

the optima of the Fragilaria taxa, as they are infrequent in the diatom assemblages of sites with 

very high TP concentrations. This may be because of the dominance of the small planktonic taxa 

in such samples, rather than the inability of Fragilaria species to grow under hypertrophic 

conditicxis. Similarly, depth may be important at site No. 57, which is also very shallow 

(maximum water depth 0.7 m) with the entire water column in the photic zone, and is thus 

dominated by benthic forms, particularly AcA/ra/i/Aes lanceolata. Measured TP (and SRP) at this 

site are consistently very high throughout the year, and therefore the very high annual mean TP 

of 333 pg 1̂  is a representative estimate of the P available to the diatoms, but the centric
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planktonic taxa, generally associated with these high TP concentrations are not represented in 

this sample because of the dominance of non-planktonic taxa, which perform well under the 

favourable light conditions.

Figure 7.3b) shows that the inverse deshrinking method results in a slight trend in the residuals, 

with overestimation of the values at the low end of the TP gradient and underestimation of the 

values at the upper end of the gradient. This has been observed in other TP calibration data-sets 

using the inverse deshrinking technique (eg. Hall & Smol, 1992; Anderson et a/., 1993). A 

possible reason for underestimaticn at high TP levels could be that diatom communities are 

unable to respond structurally to increasing TP concentrations once a critical level has been 

reached, eg. the small centric planktonic taxa which are good competitors in conditions of high 

TP and low Si:P dominate the assemblages at sites where the annual mean TP is 150-200 |og 1'̂  

and above. It is possible that at and above these high concentrations, the diatom community 

remains stable and the increasing nutrient levels are reflected in changes in other algal groups, 

such as cyanobacteria and green algae (cf. Anderson et al.y 1993).

A number of studies have shown that the trend in the residuals is often reduced if the classical 

deshrinking method is used (eg. Hall & Smol, 1992). Therefore, the WA analyses were 

performed using classical regression on the 30 site data-set and Figure 7.5 shows the observed 

annual mean TP plotted against the residuals for this analysis. The classical deshrinking model 

does appear to reduce the trend in the residuals but the overall apparent RMSE of prediction 

(classical = 0.180; inverse = 0.161) and the RMSEy^  ̂ (classical = 0.283; inverse = 0.279) are 

larger than for the model based on the inverse deshrinking method. Therefore, the predictive 

ability of the inverse regression model is better and is considered to be more appropriate and 

reliable for inferring TP in this data-set. However, the classical deshrinking model illustrates that 

underestimation by the transfer function at high P concentrations does not occur using this 

method, and therefore this phenomenon appears not to be due to biological factors but to the 

inherent underestimation at the upper end of the gradient of the inverse deshrinking method 

(Martens & Naes, 1989).
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Figure 7.5 Plot of observed versus residual annual mean TP (log pg 1‘) based on
simple WA classical regression (n=30)
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Despite the scatter in the model, the correlation coefficient (r  ̂= 0.79) derived for the inverse 

deshrinking TP model compares favourably with results of diatom-P transfer functions in the 

literature, and confirms the good performance of the simple WA annual mean TP model based 

on 30 sites. For example, in a data-set of 43 lakes in Northern Ireland (Anderson et al., 1993), 

the correlation between observed and inferred TP was r  ̂= 0.75, and in a data-set of 37 British 

Columbian lakes (Hall & Smol, 1992), the correlation between observed and inferred TP was 

r^ = 0.733. In addition, the ratio of s js 2 in the present study is low (0.336) and this suggests 

that the 30 site calibration set is adequate to yield reliable estimates of diatom taxon optima by 

WA regression, and is thus suitable for WA calibration in order to infer past annual mean TP 

concentrations from fossil diatom assemblages (cf. Birks et al., 1990b; Stevenson et at., 1991). 

The larger value for Sg illustrates the predominance of natural variability.

7.3 Weighted averaging model for winter mean SRP

7.3.1 Results.

WA regression with inverse deshrinking was performed on the data-set of 30 sites (with site No. 

31 omitted) and 102 common diatom taxa, using winter mean SRP as the environmental variable 

to be inferred. The summary statistics for SRP used to generate the model are shown in Table 

7.7. The statistics summarizing the predictive ability of the simple WA and WA(tol) models are 

given in Table 7.8. Figure 7.6 shows the plots of a) observed versus diatom-inferred winter mean 

SRP concentrations, and b) the observed versus residual winter mean SRP values for the WA 

model. The simple WA inverse deshrinking regression equation for winter mean SRP (log pg 

1'̂ ) based on the 30 site data-set, which as for TP performs better than WA(tol), is as follows 

(equaticm format as for the TP transfer function):

Final x, = -1.330 + 1.989 * Initial Xi

A complete list of the WA winter mean SRP optima (log pg 1'̂  and back-transformed to pg 1'̂ ), 

WA tolerances, along with the number of occurrences and maximum relative abundance in the 

30 site training set, for the 102 taxa is given in Table 7.6. No interpretation of the SRP optima 

results is provided here as the patterns are principally the same as those for annual mean TP (see 

7.2.2).
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Table 7.7 Summaiy statistics for winter mean SRP (log pg r ) of 30 sites used 

to develop the transfer function

[Back-transformed (un-logged) values in pg 1'̂  are given in parentheses]

N 30

minimum 0.4761 (2.99)

maximum 2.747 (558.47)

median 1.155 (14.29)

mean 1.324

standard deviation 0.6563

Table 7.8 Summary statistics for the predictive ability of the transfer function 

for inferring winter mean SRP (log pg f  ) using 30 sites

WA WA(tol)

r 2 (adjusted) 0.8209 0.8215

Apparent RMSE 0.2729 0.2725

RM SE^ 0.486 0.767

Si, 0.162 0.419

S2 0.458 0.642

Sji/Sz 0.354 0.653

The WA results based on the 30 sites, clearly indicate that simple WA gives a lower prediction 

error in the bootstrapped test set (RMSEy^) than WA(tol). The RMSÊ oot for simple WA is 

0.486, and the r ̂  value is 0.821, indicating a high correlation between the observed and diatom- 

inferred winter mean SRP ccmcentrations. A range of SRP concentrations (back-transformed to 

pg r )̂ with standard errors of the inferred values, based on the RMSE,^ of 0.486 are shown in 

Table 7.9. As for the annual mean TP model, the errors are reasonably large and are greater at 

the higher SRP concentrations. Again, it can be argued that these errors are acceptable, given 

the large natural seasonal variability in SRP concentrations in these shallow, enriched water 

bodies (as discussed in Chapter 4). It would not be realistic to expect to reduce the errors of the 

model to below natural seasonal variation in measured epilimnetic SRP concentrations.
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Figure 7.6 Plots of a) observed versus inferred, and b) observed versus residuals
for winter mean SRP (log pg 1‘), based on simple WA inverse
regression (n=30)
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Table 7.9 Standard errors (RMSEy,^) of inferred values for a range of winter 

mean SRP concentrations based on the inverse regression WA model 

using 30 sites

Observed SRP (pg 1'̂ ) Lower and upper limits of errors (pg 1*̂)

5 1.6 15.3

20 6.5 61.2

50 16.3 153.1

100 32.7 306.2

200 65.3 612.4

500 163.3 1531.0

7.3.2 Discussion
The correlation between observed and inferred winter mean SRP is good. However, it is evident 

from Figure 7.6 that there is some scatter, particularly in the centre of the SRP gradient, as in 

the annual mean TP model, and a number of sites have large residuals, indicating a discrepancy 

between the observed and inferred winter SRP concentrations. The sites with the largest residuals 

in the winter mean SRP model are essentially the same sites as those with large residuals in the 

annual mean TP model. However, there are some additional sites for which the winter SRP 

model significantly underestimates or overestimates. For example, die model overestimates for 

Matching Pond (No. 100). The site has a diatom assemblage with small, centric planktonic taxa, 

which have high SRP optima, eg. Cyclotella pseudostelligera, CY002A (25 pg 1'̂ ) and 

Cyclostephanos invisitatus, CC002A (84 pg 1'̂ ) and yet the winter mean SRP concentration for 

this site is only 26 pg l '\  A possible explanation for this is that the winter mean SRP is not a 

good estimate of the total amount of SRP available to the diatoms during the year at this site, 

because a high concentration of SRP is released from the sediments in July and August (see 

Figure 4.29). This highlights the problem of using winter nutrient concentrations in models for 

shallow, enriched waters, where summer nutrient release may also provide available P for algal 

growth.

Another oudier in the winter SRP model is Cinder Hill Lake (No. 53) which is underestimated. 

The reasons for this are not immediately apparent. The site has a high measured winter mean 

SRP concentration of 56 pg 1 \ largely attributed to unusually high SRP concentrations in
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October 1990 of 191 l \  This single peak may be a possible e?q>lanation for underestimation 

by the model. Another possible influence may be the large floristic diversity of the diatom 

assemblage at diis site as it contained 74 diatom taxa, only two of which occurred with a relative 

abundance of over 5%, and many of which were rare in the training set, thus possibly resulting 

in an unreliable diatom-inferred SRP estimate for this site.

As for the annual mean TP inverse deshrinking model, there is a trend in the residuals in the 

winter SRP model. Again, classical deshrinking was performed on the 30 site data-set to examine 

whether the trend was reduced by using the alternative method. Figure 7.7 shows the observed 

winter mean SRP plotted against the residuals for WA using classical regression. Clearly the 

trend is reduced. However, as for the TP data-set, the predictive ability of the classical regression 

model is not as good as the inverse regression model. For example, the apparent RMSE of 

prediction is 0.300 and the RMSEbj  ̂is 0.490 for the classical method, compared to an apparent 

RMSE of 0.273 and a RMSEbô j of 0.486 for the inverse regression model. Therefore, the inverse 

regression model is likely to give more reliable inferences of winter mean SRP.

A comparison of the predictive ability of the inverse regression winter mean SRP model with 

the results of the simple WA inverse regression annual mean TP model based on 30 sites, 

indicates that the SRP model performs almost as well. The adjusted r ̂  values are actually higher 

for the SRP model than fw the TP model. However, the RMSEboot results show that the annual 

mean TP model (0.279) gives considerably lower prediction errors than the winter mean SRP 

model (0.486). This is essentially a function of the greater range over which the WA regression 

calculaticms are made in the SRP model, ie. values range from 0.4761 to 2.747 (SRP log pg 1'̂ ) 

in the SRP model, compared to only 1.406 to 2.810 (TP log pg 1'̂ ) in the TP model. The lower 

prediction errors of the annual TP model are also evident when the errors on the inferred values 

f<x“ a range of TP concentrations (Table 7.5) and SRP concentrations (Table 7.8) are compared. 

However, the s^ component of RMSEboo» is considerably smaller than the Sg component in the 

winter mean SRP model, with a low s /̂sg ratio of 0.354 (Table 7.8) suggesting that the 30 site 

calibration set is adequate to yield reliable estimates of diatom taxon optima and tolerances by 

WA regression, and is thus suitable for WA calibration in order to infer past winter mean SRP 

concentrations from fossil diatom assemblages.
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Figure 7.7 Plot of observed versus residuals for winter mean SRP (log pg 1*'),
based on simple WA classical regression (n=30)
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7.4 Conclusion

The above discussion highlights a number of potential physical, chemical and biological factors 

which may explain why the models do not accurately estimate annual mean TP or winter mean 

SRP for all sites. Factors controlling diatom abundance in eutrophic lakes are clearly 

multivariate, for example other factors in addition to P such as light, maximum water depth, 

physical mixing, SiOg availability and grazing may also be important. The results indicate that 

the abundance of non-planktonic taxa in many of these shallow, productive waters may also 

reduce predictive ability of die models because of dieir response to factors in addition to 

epilimnetic P concentrations, suggesting that the model may be improved by separating 

planktonic and non-planktonic taxa in the data-set.

The results also indicate that it would be very difficult to reduce substantially the errors of the 

model because of the complexity of eutrophic lakes and in particular because of the natural intra- 

and inter-annual variability in epilimnetic nutrient levels which cannot be fully accounted for in 

models where a single measure of the variable is to be predicted.

The results of the south-east England data-set highlight the importance of thorough data 

screening and the need to identify outliers as these clearly increase the RMSE of prediction of 

the model. The implicaticxis are that as many sites as possible should be sampled to form a 

training set which is large enough to enable the exclusion of all significant outliers. Time 

constraints meant that only 31 sites could be sampled in this study. A larger data-set might allow 

an extension of the nutrient gradient, and more reliable estimates of diatom species optima to 

be derived.

The transfer functions for annual mean TP and winter mean SRP using the 30 site training set 

perform well and have good predictive ability. The WA approach has advantages over existing 

multiple linear-regression equations for predicting P (eg. Agbeti & Dickman, 1989; Whitmore, 

1989). First, the inferences are based on the responses of individual diatom taxa to P 

concentrations rather than grouping taxa into ecological categories which inherently leads to the 

loss of information, and secondly, WA does not assume that taxa respcxid linearly to an 

environmental variable but rather unimodally, which is more ccxisistent with ecological 

observations (ter Braak & van Dam, 1989).
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The results indicate diat the south-east England training set is adequate to yield reliable estimates 

of diatom taxon optima and tolerances by WA regression across a large range of concentrations 

(annual mean TP in the range 25-646 pg 1̂ ; winter mean SRP in the range 3-558 pg 1'̂ ), and is 

thus suitable for WA calibration in order to infer P concentrations from diatom assemblages. The 

application of the WA technique to reconstruct past P levels from fossil diatom assemblages in 

sediment cores is discussed in Chapter 8.
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CHAPTER EIGHT 

APPLICATION OF THE PHOSPHORUS TRANSFER FUNCTIONS 

TO SEDIMENT CORES 

8.1 Introduction

It is the aim of this chuter to apply the transfer functions established in Chapter 7 to two 

selected sites in the region in order to reconstruct their P histories, and to assess further whether 

the artificial ponds of south-east England are suitable for palaeolimnological research. This 

chapter firstly focuses on the two long core sites and the reasons for their choice. The 

subsequent sections describe the results of the stratigraphie analyses and the application of the 

WA transfer functions. This is followed by a discussion of the reconstructed nutrient history, 

firstly for Eleven Acre Lake and then for Marsworth Reservoir. The results are compared with 

the available documentary history of each site.

8.1.1 Site selection
One of the problems inherent in work on these shallow, artificial waters is a shortage of sites 

with a significant depth of undisturbed sediment. Many of the sites are relatively recent in origin, 

some post-dating 1950. These sites were not considered as it was the aim to apply the transfer 

functions over a longer time period. A further problem is that many older sites have been 

drained or dredged on a number of occasions, disturbing or removing their historical records. 

One example is Fleet Pond (No. 34) which is thought to be about 1000 years old. From 1650 

to the early nineteenth century it was used as a fish pond for the Dean and Chapter of 

Winchester. However, it was drained during the Second World War and the sediment record was 

disturbed.

Other ponds, particularly those on private estates, are unsuitable as their sediments have been 

disturbed during maintenance work. Owing to the shallow, productive nature of these waters, 

they rapidly silt-up or are covered by extensive growths of macrophytes, resulting in a reduction 

in the extent of open water, and a deterioration in the appearance of the site. Therefore, many 

of these have been drained and dredged. For example, Beachborough Lake (No. 76) has recently 

undergcxie bank strengthening, resulting in substantial soil in-wash, weed clearance, which 

involved raking the sediment, and construction of a concrete outflow channel. A further example 

is Childerditch Pond (No. 85) which was constructed in the early sixteenth century as a fish
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pond, but was cleared once during the First World War and subsequently in 1976, when the 

entire pcxid was excavated to restore the extent of open water. Similarly, Branches Park Lake 

(No. 105) was dredged using steam engines in 1978, and therefore currently has very little depth 

of accumulated sediment. On these grounds 28 of the 31 sites in the training set were eliminated 

for coring work. The remaining three sites all had a sediment depth of over 1 m. One of these, 

Albury Mill Pond (No. 57) was eliminated after a further visit, as access to this site for long 

coring work was problematic.

Given that none of the sampled water bodies has long-term documented water chemistry data, 

and that diatom preservation in the surface sediments appeared to be good in almost all sites, 

the depth of the sediment record was the criterion used for selecting the two long coring sites. 

The contemporary water chemistry and composition of the surface sediment diatom assemblage 

were not considered in the site selection procedure. However, the two sites with the best 

sediment records have ccmtrasting TP and SRP levels, which provides a good test of how well 

the transfer function performs at the two ends of the P gradient. Furthermore, the sites have very 

different surface sediment diatom assemblages, (xie dominated by non-planktonic forms and the 

other by planktonic forms, thus allowing an assessment of how the nature of the diatom 

assemblage affects the predictive ability of the model.

The selected sites were Eleven Acre Lake (No. 4) and Marsworth Reservoir (No. 120). Both of 

these were thought to have undisturbed sediment records and they are two of the deeper sites 

in the data-set, which reduces the likelihood of wind-induced sediment mixing and other 

potential problems associated with sediments of very shallow waters (cf. Chapter 5). The 

sediment depth survey indicated that both of these sites had a depth of over 1 metre of organic 

sediment.

8.2 Eleven Acre Lake, Stowe School, Buckinghamshire

8.2.1 Site description

Eleven Acre Lake (NGR SP 675369) is situated in the grounds of Stowe School, 

Buckinghamshire. The pond was created between 1726 and 1728 as part of Stowe landscaped 

gardens by constructing a 6 m high earth embankment to dam the existing stream in the valley, 

and was lined with the local heavy clay. The pond originally had a very regular outline with a 

causeway, but was "naturalised" in the early 1750s. It was used few recreation purposes and 

supported wildfowl throughout the eighteenth century. During the nineteenth century there was
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a long period of stagnation and the gardens, including the ponds, were very much neglected. In 

1923 Stowe School was founded and took over the management of the grounds. In 1967 the 

greater part of the gardens were covenanted to the National Trust who, from 1989, took over the 

full management of the gardens from the school. Today the pond is used by the school for 

boating, and is privately fished. It is stocked with tench, roach, perch, rudd, carp and pike.

The site lies on Great Oolite of the Jurassic period and the local drift geology comprises 

boulder-clay. Therefore, the geology and soils are base-rich. The catchment is small and gently 

sloping, though difficult to define. The area is one of low relief with a maximum altitude in the 

catchment of 148 m; the pond is sited at 105 m CD. During the eighteenth and nineteenth 

century, the original seventeenth century Home Park, which forms the pond catchment area, was 

largely given over to pasture land, grazed by cattle, sheep and horses, with plantaticms of 

conifers and deciduous trees. There are some records of ploughing for ccwn and mowing for hay 

in the catchment during the 1750s. By the late nineteenth century, much of the pasture land had 

been fenced off and planted and reverted to parkland. Today, the catchment consists principally 

of a large area of managed grassland, used as a golf course, and mature deciduous trees, with 

some sheep grazing in the upper catchment.

The pond is shallow with a maximum water depth of 3.0 m towards the centre, and a mean 

water depth of 2.0 m, and currently occupies 3.3 hectares. Eleven Acre Lake is one of a series 

of connected ponds on the Stowe estate. The pond is fed by a water cascade from Octagon Lake, 

which is located directly above Eleven Acre Lake, and by a small ditch which enters the pond 

on the northern side. The pond has an outflow, in the form of a small weir, which discharges 

into a shallow brick-lined culvert and then into a lower pond. Copper Bottom Lake. The sewage 

treatment works, which serves the village of Dadford and Stowe School is located next to 

Copper Bottom Lake, and treated sewage is discharged into this lowermost pond. The sewage 

pumping station is located at the top of the pond system, adjacent to the school buildings, which 

when overloaded, discharges raw effluent into River Styx, the uppermost pond, and therefore 

occasionally inputs of sewage effluent into Eleven Acre Lake have occurred when the pumping 

station fails.

A broad fringe of well-developed emergent vegetation, dcxninated by Carex riparia and Typha 

latifolia, used to occur along the north-western margin of the pond. Along the south-west and 

northern sides, Sparganium erectum was also frequent. However, in March 1992 (after coring)
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the water level was lowered and much of the marginal vegetation was removed, as part of the 

gardens restoration programme. Patches of Nuphar lutea, Nymphaea alba and Hppuris vulgaris 

occur within the centre of the pond. The banks have a more ot less continuous fringe of trees 

and shrubs, including alder, ash, elm, grey willow and hawthorn.

There is no record of the pond suffering from algal blooms (F. Thompson, National Trust, and 

A. Brook, University of Buckingham, pers. comms.) though the water is turbid. For example, 

the summer Secchi depth reading was only 0.7 m in 1991, and older data available for 1989 give 

a value of only 0.3 m for November (Associated Scientific Laboratories Report, 1989). Og 

concentrations at the surface are high. For example surface water Og saturation was 132% in 

August 1991, and 82% in winter 1989 (Associated Scientific Laboratories Report, 1989), and 

90% in August 1987 (Anglian Water Report, 1987). A clinograde curve, typical of enriched 

waters, was identified in summer 1991, with Og saturation levels of only 5% at a depth of 2.4 

m. Slight thermal stratification also occurred in summer 1991, with a surface temperature of 

21.6°C and a bottom water temperature of 18.8°C. Given the shallow nature of the pond these 

periods of stratification are likely to be short-lived.

Maximum summer chlorojrfiyll a in 1991 was 33 pg l \  and the annual mean was 29 pg l \  The 

pond has an annual mean TP concentration of 77.9 pg l '\  though concentrations were generally 

less than 60 pg 1̂  during most of the sampling period. The annual mean SRP concentration for 

1991 was 4.3 pg l \  Data for 1987 give a result of 50 pg 1̂  of TP in August, and therefore in 

recent years there does not appear to have been a major change in TP levels, and the pond could 

be classified as eutrophic (OECD, 1982).

8.2.2 Sediment characteristics

A sediment core of 1.13 m length was extracted from the deepest point in the pond (water depth 

2.8 m) in February 1991. The core was analysed as described in Chapter 2 (2.5.4). The 

percentage dry weight (%DW), loss on ignition (%LOI), carbonates (%CAC), and wet density 

(WD) data principally show that the sediment becomes gradually and increasingly more organic 

over time (see Figure 8.1). For example, %DW decreases from approximately 38% at the core 

base to 14% at the top of the core. Likewise, WD decreases from 1.3 to 1.05 g cm ̂ . As might 

be expected, the LOI values conversely increase from 9% at the core base to 20% at the surface 

of the core, indicating that the sediment is largely inorganic throughout much of the lower part 

of the core. %CAC also gradually increase from around 9% at the base to around 30% at the
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core top.

The Troels-Smith sediment classification data (Figure 8.1) support the above determinations. The 

lowest part of the core from 70 cm to the core base, is a dark yellowish-brown clay with only 

traces of organic material. From 70-50 cm the sediment is a very dark greyish brown in colour 

and comprises organic detritus with a significant proportion of clay. At 50-35 cm the sediment 

is dark greyish brown in colour, with a large proportion of herbaceous remains and is poorly 

humified. The top of the core (35-0 cm) is a dark brown mud, comprised largely of organic 

detritus and siliceous remains, with traces of calcareous material, and is well humified.

Therefore, there are no sudden changes in the core and no distinct zones of differentiation. The 

core base appears to represent the clay-lined pond bed, indicating that the core represents the full 

sediment record of the pond. The sediment becomes progressively more organic during the 

course of the pond’s development.

8.2.3 Chronology

Samples from selected levels of the sediment core were analysed for ^̂ ®Pb, ^Ra, and ^̂ Ĉs, as 

described in Chapter 2 (2.7). The ^̂ Ĉs activity in the core has a well defined peak at 17.75 cm 

(Figure 8.2), which clearly dates this level to c.1963, the year of maximum fallout from the 

atmospheric testing of nuclear weapons. The ^̂ ®Pb profile has a reduced slope above 15 cm 

(Figure 8.3) but the clarity of the ^̂ Ĉs peak shows that this can not be due to sediment mixing. 

A combination of the ^̂ Ĉs date and the ^̂ ®Pb dates confirms that sediment accumulation rates 

have increased in recent years (Figure 8.4).

However, the CRS ^̂ ®Pb dating model underestimates the extent of this acceleration, as it 

calculates 1963 at a depth of only 14.5 cm. Calculations of the ^̂ ®Pb inventory suggest that the 

^̂ ®Pb flux during the past 20-30 years has increased more or less in proportion to the sediment 

accumulation rate, and that the accelerated sediment accumulation may thus represent increased 

sediment focusing. Therefore, the ^̂ Ĉs date was used to correct the ^̂ ®Pb dates, following the 

procedures indicated in Oldfield and Appleby (1984). The resulting chronology is given in 

Table 8.1.
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Figure 8.1 Plots of percentage dry weight, loss on ignition, carbonates, wet
density, and Troels-Smith description for the sediment core from
Eleven Acre Lake
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Figure 8.2 *”Cs concentration against sediment depth for the sediment core from
Eleven Acre Lake
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Figure 8.3 ‘̂•Pb concentration against sediment depth for the sediment core from
Eleven Acre Lake, a) total '̂®Pb and b) unsupported ‘̂*Pb
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Figure 8.4 Sediment depth against age for the sediment core from Eleven Acre
Lake
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Table 8.1 Radiometric dating results for the sediment core from Eleven Acre
Lake

Depth Cum Dry Chronology Sedim entation Rate
MasSg Date Age — 2 “1 — 1

cm gem AD yr ± gem yr emyr ± C
0.00 0.0000 1991 0
1.00 0.1344 1990 1 2 0.1331 0.909 19.9
2.00 0.2815 1989 2 2 0.1282 0.859 18.0
3.00 0.4287 1988 3 2 0.1232 0.808 16.1
4.00 0.5758 1986 5 2 0.1183 0.758 14.3
5.00 0.7284 1985 6 2 0.1142 0.716 12.8
6.00 0.8975 1984 7 2 0.1125 0.698 12.8
7.00 1.0667 1982 9 2 0.1108 0.680 12.8
8.00 1.2358 1981 10 2 0.1090 0.662 12.8
9.00 1.4050 1979 12 2 0.1073 0.644 12.9

10.00 1.5741 1977 14 2 0.1056 0.627 12.9
11.00 1.7431 1976 15 2 0.1019 0.602 12.7
12.00 1.9120 1974 17 2 0.0975 0.576 12.5
13.00 2.0810 1972 19 2 0.0932 0.550 12.2
14.00 2.2499 1970 21 2 0.0888 0.524 12.0
15.00 2.4189 1969 22 2 0.0845 0.497 11.8
16.00 2.5901 1967 24 2 0.0692 0.407 15.1
17.00 2.7622 1964 27 3 0.0529 0.312 16.9
18.00 2.9325 1960 31 3 0.0526 0.312 18.3
19.00 3.0978 1958 33 3 0.0557 0.329 18.3
20.00 3.2631 1955 36 4 0.0588 0.346 18.2
21.00 3.4324 1952 39 4 0.0596 0.349 19. 1
22.00 3.6057 1949 42 4 0.0582 0.338 20.8
23.00 3.7790 1945 46 5 0.0568 0.327 22.5
24.00 3.9522 1942 49 5 0.0553 0.316 24.2
25.00 4.1255 1939 52 5 0.0539 0.305 25.9
26.00 4.3028 1936 55 6 0.0568 0.315 29.0
27.00 4.4841 1934 57 6 0.0639 0.344 33.5
28.00 4.6655 1931 60 7 0.0710 0.373 37.9
29.00 4.8468 1928 63 7 0.0782 0.403 42.3
30.00 5.0281 1926 65 8 0.0853 0.432 46.8
31.00 5.2271 1923 68 9 0.0869 0.436 49.4
32.00 5.4436 1920 71 9 0.0830 0.413 50.3
33.00 5.6601 1917 74 10 0.0790 0.391 51.2
34.00 5.8766 1915 76 11 0.0751 0.368 52.1
35.00 6.0931 1912 79 11 0.0712 0.346 52.9
36.00 6.2997 1908 83 13 0.0650 0.315 54.8
37.00 6.4964 1904 87 15 -0.057 -0 30
38.00 6.6930 1899 90 17 -0.057 -0 .30
39.00 6.8897 1895 94 18 -0.057 -0 .30
40.00 7.0864 1891 97 20 -0.057 -0 .30
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This gives a date of 1891 at 40 cm sediment depth, and is the lowest level for which a date 

could be derived. The chronology shows that at the turn of the century the sediment 

accumulation rate was only around 0.30 cm yr'\ followed by an episode of accelerated 

sedimentation during the 1920s with rates of around 0.40 cm yr'\ This was followed by a stable 

period of about 30 years from 1935-65, during which the sediment accumulation rates remained 

constant at about 0.30-0.35 cm yr \  Since 1965, the accumulation rate has steadily increased 

from around 0.50 cm yr'̂  in 1970 to 0.91 cm yr^ in 1990.

A possible explanation for the recent increases in sediment accumulation rate is that the 

uppermost pond in the chain formerly acted as a sediment trap, but was allowed to fill in and 

form solid land in the 1950s. Therefore, Octagon Lake, directly above Eleven Acre Lake, began 

to receive much of the sediment that had previously been deposited further upstream. The high 

sediment accumulation rate in Octagon Lake resulted in the need for sediment removal, which 

was undertaken, along with removal of marginal vegetation in the late 1960s, and again in 1992. 

It is highly likely that these events would in turn have resulted in increased amounts of sediment 

entering Eleven Acre Lake via the cascade inflow, and possibly causing the sediments to focus 

in the central pond basin.

8.2.4 Diatom stratigraphy

8.2.4.1 Changes in percentage composition of the diatom assemblages 

The percentage relative frequencies of taxa in 25 selected levels of the sediment core were 

counted as described in Chapter 2 (2.6). The diatoms were well preserved in the sediment from 

0-55 cm. However, from 55-85 cm, preservation deteriorated, and many of the larger specimens 

were badly broken, particularly the Gyrosigma species, though it was still possible to identify 

and count them. The sample from 85-86 cm was so badly broken that no count was made. 

However, specimens in the two subsequent levels 90-91 cm and 95-96 cm were in better 

condition and therefore were possible to count. The remaining 17 cm of the core contained very 

few diatoms and those that were present were badly broken and thus no data exist for these 

lower levels. A total of 87 diatom taxa were observed in the core, 33 of which do not occur in 

the training set of 102 taxa (though many of these species are rare in the core). Most of the 

common taxa are well represented in the training set. The results are displayed in Figure 8.5. In 

the diatcxn diagram only the frequencies of the most common taxa are shown. The diagram has 

been zoned into four diatom assemblage zones, as defined by CONISS cluster analysis (Grimm, 

1987), to facilitate their descripticm.
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Zone 1. (below 60 cm; before c.1850 by extrapolation).

This zone is dominated by non-planktonic Fragilaria taxa, principally F. pinnata (10-50%) and 

F. construens var. venter (15-35%), and by Gyrosigma acuminatum (10-25%), which was badly 

broken in all samples in which it was present Three planktonic taxa were also frequent: 

Cyclotella radiosa {5-20%), Aulacoseira [sp. 1] (2-15%) and Cyclotella ocellata (2-10%). This 

flora is generally characteristic of a mesotrophic, alkaline lake.

Zone 2. (60-45 cm; c.1850-1890)

This zone has a more diverse diatom assemblage with fewer dominant taxa. The benthic 

Fragilaria species are still the most frequent, principally F. pinnata, F. construens, F. construens 

var. venter, and F. brevistriata and caistitute up to 80% of the assemblage in most levels. A 

significant feature of this zone is the decline in the planktonic taxa and in Gyrosigma species. 

For example, Cyclotella ocellata is absent from 60 cm upwards, Aulacoseira [sp. 1] is absent 

from 55 cm upwards, and Cyclotella radiosa and Gyrosigma acuminatum have frequencies of 

less than 5% from 50 cm upwards. In contrast, Achnanthes minutissima becomes more frequent.

Zone 3. (45-15 cm; c.1890-1970)

This zone is characterized by a large expansion in Fragilaria brevistriata from around 20% at 

45 cm to 50% at 25 cm. The values of the other benthic Fragilaria taxa also remain high. 

Further marked changes include an increase in Achnanthes lanceolata var. rostrata (up to 10%), 

and the appearance of Navicula subrotundata at 30 cm.

Zone 4. (15-0 cm; 1970-1991)

This zone is dominated by benthic Fragilaria brevistriata (45%-60%), and to a lesser extent F. 

pinnata, F  construens, and F. construens var. venter, which are also associated with benthic 

habitats. Values oi Achnanthes lanceolata var. rostrata and Navicula subrotundata remain high. 

A notable feature is the constant occurrence (around 5%) of Aulacoseira ambigua from 10 cm 

to the sediment surface, which only occurred to this extent in one other previous level of the 

core, at 25 cm. Stephanodiscus parvus and Stephanodiscus hantzschii, taxa associated with 

nutrient rich waters, are also present in this upper zone.
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Figure 8.5 Summary diatom diagram of percentage relative abundance of the
common taxa in the sediment core from Eleven Acre Lake
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Figure 8 . 6  Total diatom concentration and concentrations of the common diatom
taxa in the sediment core from Eleven Acre Lake
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Figure 8.7 Total diatom accumulation rate (DAR) and DAR of the common
diatom taxa in the sediment core from Eleven Acre Lake
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S.2.4.2 Changes in diatom concentrations and diatom accumulation rates (DAR)

Diatom concentrations were calculated as described in Chapter 2 (2.6.2). The results are plotted 

in Figure 8.6. Total diatom concentrations were low at a depth below 70 cm in the core (ie. pre- 

1850) with values generally below 50 x 10® cells gdw'\ This was followed by a period of higher 

concentrations from 65-40 cm (c.1850-1890) of around 100-150 cells x 10® gdw'\ Total diatom 

concentration subsequently declined from 40-18 cm (1890-1960) to less than 50 cells x 10® gdw'  ̂

by 1960. This was then followed by a further period of increase from 18 cm to the surface of 

the core (1960-1991) with total diatom concentrations of 266 cells x 10® gdw'  ̂ at the surface.

The concentrations of the common taxa follow much the same pattern. Concentrations of 

Fragilaria brevistriata are clearly low in the basal part of the core, followed by an increase, and 

display a marked decrease from 40-18 cm. Concentrations of this taxon increase significantly 

from 18 cm upwards, with a peak of 192 cells x 10® gdw'  ̂ at 4 cm (1986), and constitute over 

50% of the total diatom concentration throughout the post-1960 period. Figure 8.6 illustrates the 

peak in concentration of Fragilaria construens var. venter at 45 cm (c. 1890) with a value of 

54 cells X 10® gdw \  Concentraticxis of this taxon subsequently decrease from 45-14 cm (c. 

1890-1970) and then increase again during the post-1970 period, but concentrations are much 

lower than those of F. brevistriata, for example 18 cells x 10® gdw^ at the surface, compared 

to 153 cells X 10® gdw'  ̂ for F. brevistriata.

Concentrations of Fragilaria construens principally follow the same pattern as F. construens var. 

venter, with a peak at 45 cm (c. 1890), a decline from 45 cm to 18 cm and an increase from 18 

to 4 cm, and the actual ccmcentrations are quite similar, except for the lowermost part of the core 

below 65 cm, when concentrations of F. construens were always less than 5 cells x 10® gdw'  ̂

compared to values of around 15 cells x 10® gdw'  ̂for F  construens var. venter. Concentrations 

of Fragilaria pinnata do not follow this general pattern so closely and are lower than the other 

three major Fragilaria taxa. Concentrations of this taxon fluctuate from the core base to 45 cm 

but display no marked pattern. F. pinnata constitutes about a third of the total diatom 

concentration below 70 cm. Similarly to the other common Fragilaria species, concentrations 

of F. pinnata decline from 45 to 14 cm, and then increase slightly but remain very low at around 

6 cells X 10® gdw'  ̂to the surface. The other two dominant taxa in the lower part of the core (ie. 

below about 50 cm), Gyrosigma acuminatum and Cyclotella radiosa generally have 

concentrations in the range 5-10 cells x 10® gdw^ during this period.

288



The DARs were also calculated for the top 40 cm of the core, for which sediment accumulation 

rates were available, and the results are shown in Figure 8.7. This further illustrates the marked 

decrease in both total DAR, and accumulation rates of the individual dcxninant diatom taxa from 

30 to 18 cm (1926-1960). During this time the sediment accumulation rate also declined 

markedly, from 0.43 cm yr'̂  (0.085 g cm ̂  yr' )̂ at 30 cm (1926) to 0.31 cm yr'̂  (0.053 g cm'̂  

yr'̂ ) at 18 cm (1960). Subsequently, total DAR increased from only 2 cells cm ̂  yr'̂  x 10® at 18 

cm (1960) to 35.4 cells cm'  ̂ yr^ x 10® at the core top (1991), during which time sediment 

accumulation rate steadily increased from 0.31 cm yr'̂  (0.053 g cm*̂  yr' )̂ to 0.91 cm yr ̂  (0.133 

g cm ̂  yr'^).

8.2.5 Weighted averaging calibration and reconstruction of past phosphorus concentrations 

The transfer functions for annual mean TP and winter mean SRP derived from the 30 site 

training set using simple WA with inverse regression, were applied to the sediment core using 

WACALIB, version 3.0 (Line et al., 1991). The bootstrapped results are presented (Table 8.2) 

as they give a more realistic estimate of the errors of prediction than the apparent RMSE (Biiks 

et al., 1990b). Figure 8.8 shows the reconstructed annual mean TP and winter mean SRP results 

(Mean boot) with the bootstrap RMSE for each individual reconstructed value (Est_se_p). This 

error estimate is a combination of the standard error of the bootstrap estimates for all fossil 

samples and the overall prediction error of the training set, and is thus a realistic measure of the 

performance of the model (Line et al., 1991). The results have been back-transformed to pg l'\

The reconstructions of annual mean TP show that there has been little change in epilimnetic TP 

concentrations throughout the history of the pond, with values always in the range of 63-83 pg 

r \  The pond would be classed as eutrophic following the OECD trophy classification system 

(OECD, 1982). There does appear to have been a slight increase in TP concentrations over time, 

as shown in Figure 8.8. Prior to 1890, the pond had an "average" annual mean TP concentration 

of around 68-69 pg l '\  followed by a slight increase to values of approximately 75 pg 1̂  during 

the period 1890-1955, and a further small increase to concentrations of around 77-79 pg 1'̂  since 

the mid-1950s. The bootstrapped data shows that the prediction errors (Est_se_p) are quite large, 

with a lower limit of around 40 pg I'\ and an upper limit of around 150 pg 1̂  on a mean 

estimate of 77 pg 1 \ However, the diatom-inferred annual mean TP concentration for the top 

0-0.5 cm is 77.6 pg 1 \ which compares very favourably with the measured annual mean TP 

concentration of the pond for the period October 1990 to December 1991, which is 77.9 pg l'\ 

Therefore, the model appears to perform well.
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Table 8.2 Results of weighted averaging calibration applied to Eleven Acre 
Lake: estimated mean values (Mean boot) and bootstrapped standard 
errors of prediction (Estjsej)) for a) annual mean TP and b) winter 
mean SRP (expressed in pg 1**)

a) Annual mean TP b) Winter mean SRP

Level
(cm)

Mean 
boot pg 1'

Lower
Est_se_p

Upper
Est_se_p

Mean 
boot pg r*

Lower
Est_se_p

Upper
Est_sej)

0-0.5 77.6 40.5 148.9 5.0 1.6 15.7

2-2.5 76.9 40.1 147.6 4.8 1.6 15.0

4-4.5 75.9 39.0 147.6 4.2 1.3 13.5

6-6.5 76.6 39.8 147.2 4.7 1.5 14.6

8-8.5 80.5 41.8 155.2 4.9 1.6 15.7

10-10.5 75.7 39.1 146.6 4.3 1.4 13.5

12-12.5 82.6 42.9 159.2 5.4 1.7 17.1

14-14.5 77.4 39.8 150.7 4.3 1.4 13.8

16-16.5 80.5 42.1 154.2 5.3 1.7 16.6

18-18.5 78.3 41.1 149.3 5.6 1.8 17.1

20-21 80.5 42.0 154.5 5.4 1.7 16.8

25-26 76.4 39.4 147.9 4.3 1.4 13.4

30-31 71.9 37.7 137.4 4.6 1.5 13.9

35-36 78.9 41.4 150.3 5.2 1.7 15.5

40-41 67.6 35.6 128.2 4.6 1.5 13.6

45-46 68.9 36.5 130.0 5.2 1.8 15.5

50-51 66.5 35.9 126.2 5.3 1.8 15.6

55-56 69.8 36.9 132.1 4.7 1.6 13.8

60-61 64.0 33.7 121.3 6.1 2.1 18.0

65-66 71.8 38.0 135.5 5.0 1.7 14.9

70-71 71.4 38.1 134.0 5.8 2.0 17.1

75-76 63.5 33.6 120.2 4.9 1.7 14.5

80-81 73.8 38.5 141.6 5.0 1.7 14.8

90-91 70.0 37.2 131.5 5.5 1.9 16.2

95-96 68.1 35.8 129.4 4.9 1.7 14.6
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Figure 8.8 Plot of reconstructed values for Eleven Acre Lake showing the mean 
(Mean boot) and standard errors of prediction (Est_se_p) estimated 
by bootstrapping for each level for a) annual mean TP and b) winter 
mean SRP (expressed in pg 1‘)
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The reconstructed winter mean SRP concentrations are consistent with the annual mean TP 

reconstructed values, as again there is little change in SRP concentrations throughout the history 

of the pond. Winter mean SRP levels have always been between 4-6 pg l \  As for the annual 

TP reconstruction, die bootstrapped data shows that the prediction errors (Est_se_p) are quite 

large, with a lower limit of around 1.5 pg l '\  and an upper limit of around 15 pg 1̂  on a mean 

estimate of 4.5 pg l \  However, the diatom-inferred winter mean SRP concentration for the top 

0-0.5 cm is 4.98 pg l '\  which compares veiy favourably with the measured winter mean SRP 

concentration of the pond for the period October 1990 to December 1991, which is 4.79 pg l \  

Therefore, the winter SRP model also appears to have good predictive ability.

8.2.6 Discussion

Prior to interpreting the data, it is necessary to discuss the accuracy of the estimates derived from 

the transfer functions. The model appears to perform well for reconstructing the range of TP and 

SRP values in Eleven Acre Lake, and the diatom-inferred values for the top level of the core are 

almost identical to the measured epilimnetic concentrations. The standard errors of prediction 

for the annual TP model are quite large but the range of values would still place Eleven Acre 

Lake in the "eutrophic” category (OECD, 1982). For example, the standard error range is 40-150 

pg on an estimated annual mean TP value of 77 pg l \  though given that the natural intra

annual variability of TP in the pond is 31-383 pg l \  the model provides a realistic TP estimate.

The standard errors of prediction are slightly greater for the winter SRP model, as expected 

given that the RMSEboot is greater than for the annual mean TP model. For example, the standard 

error range is 1.5-15 pg 1'̂  on an estimated winter mean SRP value of 4.5 pg l \  The errors 

cover an order of magnitude, but given the natural intra-annual variability of SRP concentrations 

in the pond (measured winter SRP range 0.8-14.7 pg 1'̂ ), the model provides a reasonable 

estimate and therefore it can be concluded that it performs well for this range of concentrations.

The TP and SRP optima of the Fragilaria taxa and Gyrosigma acuminatum are very similar, for 

example, Fragilaria brevistriata = 95 pg TP 1 Fragilaria pinnata = 94 pg TP 1̂ ; Fragilaria 

construens var. venter =71 pg TP 1 \  and Gyrosigma acuminatum = 104 pg TP l '\  These are 

likely to be reliable estimates for the Fragilaria taxa as they are well represented in the training 

set. These taxa are widely distributed alcmg the P gradient and are clearly tolerant of both low 

and high P concentrations. However, the Fragilaria taxa do not occur in such high relative 

abundances at the uppermost end of the gradient, as at very high P values the diatom

292



assemblages are generally dominated by centric, planktonic species, typical of veiy eutrophic 

waters, and thus the Fragilaria species have intermediate P optima.

The problem associated with the high relative frequency of Gyrosigma acuminatum in the core 

is that the WA optimum is likely to be a poor estimate as this taxon occurs in 15 sites in the 

training set but rarely occurs with a relative frequency of greater than 3%. Any reconstructed 

value is likely to be more reliable if the fossil diatom assemblage in that sample has a close 

modem analogue in the training set (Biiks et at., 1990b). It is unlikely that the data-set is 

providing a true representation of the ecological range of the species, and thus there is a lack 

of a good analogue for this taxon. However, it seems that the optima of most of the common 

taxa in Eleven Acre Lake are reliable estimates, and therefore one can assume that the 

reconstructions are quite accurate.

There are clearly significant changes in the composition of the fossil diatom assemblages 

throughout the history of the pond, with Fragilaria pinnata, Fragilaria construens var. venter, 

Gyrosigma acuminatum, and Cyclotella radiosa being the most frequent taxa in the early period 

of the pond’s development, and Fragilaria brevistriata, Fragilaria construens, Achnanthes 

lanceolata var. rostrata and Navicula subrotundata being the most frequent taxa in the latter part 

of the pond’s development. Therefore, there has been a significant change in the diatom flora 

of the pond, but no corresponding significant change in P concentrations, indicating that this 

floristic change is due to factors in addition to nutrient levels.

This illustrates one of the strengths of this quantitative method over earlier qualitative 

approaches. Assuming that the model has good predictive ability, the WA technique eliminates 

the problem of making misleading subjective interpretations of floristic changes, which may not 

necessarily be associated with a change in trophic status. This was a problem with the work that 

focused CHI inferring changes from shifts in the species composition of diatom assemblages, as 

this could lead to an overestimate of the extent of enrichment at a site.

Given that floristic changes, particularly in the lower part of the Eleven Acre Lake sediment 

core, appear not to be associated with P concentrations, a number of alternative explanations are 

proposed. One possible explanation may be a decrease in water depth. A number of planktonic 

taxa which are abundant before 1890, almost disappear from the pond after this date (eg. 

Cyclotella radiosa, Cyclotella ocellata Aulacoseira [sp. 1]). Assuming a constant water level,
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natural pond infilling would have gradually brought more surface sediment into the photic zone, 

increasing the available habitats for colonization by benthic forms. The enhanced sediment 

accumulation rate data indicate that the sediment infill process was accelerated during the 1920s. 

These conditions may have been favourable to non-planktonic forms, which could compete 

successfully for nutrients such as SiOg and P, eventually out-competing the plankton. An increase 

in benthic Fragilaria taxa and a simultaneous decrease in planktonic species in a sediment core 

from shallow Lake Okeechobee in Florida was interpreted as an indication of lower water levels 

(Stoermer et al., 1992).

The high relative abundance of Gyrosigma acuminatum in the pre-1890 period, a taxon which 

almost disappears from the pond after this date to be replaced by Fragilaria taxa, appears to be 

related to changes in the texture of the sediment. Its relative frequency declines as the clay 

content of the sediment decreases (c.55 cm). This taxon is generally considered to be a motile, 

benthic species, often found in littoral zones of alkaline waters. It may have been an important 

part of the littoral community in the early stages of the pond’s development, living on the clay 

substrate, gradually becoming out-competed by Fragilaria taxa as the sediment became more 

organic and the substrate favoured other species. A number of studies have partly attributed 

changes in diatom assemblages to the nature of the sediment (eg. Round, 1960; Amspoker & 

Mclntire, 1978; Stoermer et al., 1992).

The fossil diatom assemblages and the application of the transfer functions, show that the pond 

has always been eutrophic (annual mean TP range 63-83 pg 1'̂ ; winter mean SRP range 4-6 pg 

1'̂ ) with a diatom flora typical of alkaline, enriched, shallow waters. The reconstructed P history 

of the pond is consistent with documented events in the catchment. It seems that during the 

eighteenth and nineteenth century the major source of P to the pond was from agricultural 

activity, as the catchment was dominated by pasture land, which was heavily grazed by cattle, 

sheep and horses. The land was returned to parkland in the late nineteenth century, and following 

the founding of Stowe School in 1923, it appears that the major source of P switched from 

agricultural practices to sewage effluent. Therefore, the pond has always received P inputs and 

so little change in epilimnetic P levels might be expected.

The "average" annual mean TP for the period pre-1890 is slightly lower than that for the period 

post-1890, indicating that the change from a largely agricultural catchment to a more heavily 

populated one may have caused a slight increase in TP concentrations since the turn of the
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century. The annual mean TP levels are approximately 10 pg 1*̂ higher from the mid-1950s than 

they were for the period pre-1890. There is no change in the SRP concentrations, suggesting that 

the TP increases may be largely particulate. However, the increase in the relative abundances 

of Achnanthes lanceolata var. rostrata, Aulacoseira ambigua and Navicula subrotundata, and 

the appearance of the planktonic species Stephanodiscus parvus and Stephanodiscus hantzschii, 

taxa associated with eutrophic waters, since the mid-1900s, does indicate a slight increase in 

nutrient levels. This suggests that very small nutrient changes could have relatively large floristic 

consequences. The sediment accumulation rate and DARs have also increased markedly since 

1965, further indicating that productivity may have increased since this time.

The recent, small increase in TP levels indicated by the model is supported by catchment events. 

Occasional entry of sewage effluent to Eleven Acre Lake has been noted when the pumping 

station at the top of the chain of ponds becomes overloaded. The frequency of this has increased 

since the mid-1950s as the pumping station has become increasingly inadequate for coping with 

the expanding population of Dadford village and Stowe School. When this occurs, raw sewage 

overflow is discharged into the River Styx, the upper pond, and gradually flows through the 

system thus entering Eleven Acre Lake. For example, this occurred in summer 1989, when the 

upper two ponds had a strong sewage smell and algal blooms, and the entire stickleback 

population is reported to have died. However, these events do not appear to cause a sustained 

rise in epilimnetic P levels.

It is important that these accidents are eliminated as the pond is used for recreaticxi by the school 

and is an important feature of the landscaped gardens, which are currently being restored to their 

original condition. There are plans for the construction of a sealed vessel in which to store the 

sewage, which can be emptied directly rather than pumping the sewage down to the treatment 

works at Copper Bottom Lake. Therefore, the documentary sources of information concerning 

catchment changes and events appear to correspond to the diatom-inferred P history of the pond, 

indicating a change from agriculturally-derived enrichment to sewage-derived enrichment, and 

a slight increase in TP concentrations over the last 40 years.
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8.3 Marsworth Reservoir, Tring, Hertfordshire

8.3.1 Site description

Marsworth Reservoir (NGR SP 922137) is one of the Tring reservoirs in Marsworth, 

Hertfordshire. This and the two neighbouring reservoirs, Tringford Reservoir and Startopsend 

Reservoir, were constructed in the early nineteenth century (1806,1816 and 1817 respectively) 

as balancing sources for the extensive lock network on the Grand Union Canal. Marsworth 

Reservoir is still used for this purpose by the British Waterways Board. In 1837 pumping from 

all three reservoirs was concentrated at Tringford pumping station in the south of the catchment 

area, though the modem system of water transfer is a rather more complex one. In 1955 the 

administration of the surrounding banks, reedbeds and woodland was taken over by the Nature 

Conservancy Council, and the Tring reservoirs were declared a National Nature Reserve. The 

site is now a Grade 1 Site of Special Scientific Interest and is an important wildfowl refuge. It 

is stocked with roach, bream, tench, carp, rudd, perch and pike, and is used by an angling 

society.

The reservoir is shallow with a maximum water depth of 4.0 m towards the northern end, and 

a mean water depth of 2.5 m. It has a single, gently sloping basin and occupies 10.4 hectares. 

The water level fluctuates slightly by about 0.5 m during the year, depending on the variable 

demand that is placed on the reservoir water by canal traffic. The reservoir is fed by Bulboume 

feeder stream, which is a spring-fed surface inflow entering in the north-east comer. The other 

water source is via a channel in the south-east, referred to locally as "the dirty ditch", which 

brings sewage effluent via ground-infiltration from tertiary treatment irrigation plots into the 

reservoir. Available flow data for 1980/1981 estimates that 55% of inflowing water to Marsworth 

Reservoir is from the Bulboume feeder stream and 45% is from "the dirty ditch" (Fumiss, 1982). 

The reservoir has a concrete dam at the north-western end alongside the canal, and has a weir 

in the south-western comer which channels water overflow into Startopsend Reservoir.

The southem and eastem margins of the site are densely vegetated with Carex spp and Typha 

spp. The northem side supports little vegetation as this is the dammed side with the deepest 

water. The westem side is bordered by a public path and fishing platforms, and is relatively free 

of vegetation owing to heavy public pressure. No submerged or floating leaved macrophytes 

were present. However, the reservoir does occasionally suffer from diatom blooms in the winter 

and spring, and green or blue-green algal blooms in summer and early autumn (B. Double, pers. 

comm.). The annual mean chlorophyll a concentration of 76 |og 1'̂  is high, and the maximum

296



chlorophyll a levels were recorded in January to March 1991, when levels reached 362 pg l \  

The water is generally tuibid with a summer Secchi depth of 0.5 m.

The surface water is high in Og, with 149% saturation recorded in August 1991. A clinograde 

curve, typical of enriched waters was identified, with O2 saturation levels of only 3% at a water 

depth of 3.2 m. The reservoir thermally stratified in August 1991, following a period of calm, 

warm weather conditions (ie. 22°C at the surface, and 19°C at 3.2 m). However, available 

temperature and Og data for summer 1981 indicate that there was no stratification at this time 

(Fumiss, 1982). Therefore, given the shallow nature of the site, periods of stratification are likely 

to be short-lived. The water is very rich in P, with an annual mean TP concentration of 475.5 

pg 1 \  and a winter mean SRP concentraticMi of 371.5 pg l '\  It would be classed as hypertrophic, 

following OECD guidelines (OECD, 1982).

The site lies on the boundary between the chalk and the Upper Greensands of the Lower 

Cretaceous period at the base of the chalk escarpment of the Chiltems, and the reservoirs are 

marl sites. There is a small drift deposit of sand and gravel, but the geology and soils are 

generally base-rich. The catchment is difficult to define but the site lies at an altitude of 115 m 

at the base of a chalk ridge, where the maximum altitude is approximately 250 m OD. The 

reservoir is surrounded by deciduous trees on the eastem and southem fringes, and much of the 

catchment is scrubland. There is some arable farming in the upper catchment.

Tring sewage treatment works lies in the catchment, which serves the nearby town of Tring and 

the villages of Long Marston and Wilstctfie. Until the mid-1980s, the treated sewage effluent 

flowed from the tertiary treatment land which lies to the east of the site, into "the dirty ditch" 

in the south-east comer, finally discharging into Marsworth Reservoir. As the population of 

Tring increased from approximately 3000 in the 1920s to 15,000 in the 1980s, the old sewage 

works system was unable to cope and increasing amounts of partially-treated sewage are thought 

to have discharged into the reservoir during this period. Available analytical data for Tring 

sewage works final effluent in 1981 indicate very high nutrient levels, with a mean SRP 

concentration of 8800 pg l \  and a mean total oxidized N concentration of 10.6 mg 1̂  (Fumiss, 

1982). In the mid-1980s, owing to a deterioration in water clarity, a higher frequency of algal 

blooms and a number of fish deaths, a new modem sewage works employing an activated sludge 

treatment process was opened, and the treated effluent was diverted to discharge directly into 

the canal during the summer, and thus direct entry into Marsworth Reservoir was largely
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reduced. However, on occasion there is still some indirect entry of treated sewage effluent when 

the canal water enters the reservoir. An improvement in water clarity and less frequent algal 

blooms have been noted since this modernisation (B. Double, pers. comm.).

8.3.2 Sediment characteristics

A sediment core of 1.42 metres length was extracted from the deepest point in the reservoir 

(water depth 3.6 m) in April 1991. The core was analysed as described in Chapter 2 (2.5.4). The 

%DW, %LOI, %CAC, and WD data principally show that the sediment becomes gradually and 

increasingly more organic from the base to the sediment surface. From the bottom to 80 cm, the 

sediment is highly inorganic (Figure 8.9). For example, %DW is approximately 30-35% at the 

base of the core. There is a slight increase to 36% at 80 cm, and then decreases steadily to 17% 

at the top of the core. WD is 1.26 g cm ̂  at the core base. There is a slight increase to a peak 

of 1.3 g cm ̂  at around 85 cm, and then values decrease to approximately 1.00 g cm'  ̂ at the 

sediment surface. As might be expected, the %LOI values increase conversely. Values are low, 

in the range 9-11% from the core base to 80 cm. Values then gradually increase to 14% at the 

surface. These data indicate that the sediment is largely inorganic throughout much of the core. 

%CAC gradually decrease. Values are approximately 30-31% from the base to about 85 cm, 

where there is a slight increase to 33%. Then values steadily decrease to 27% at the surface.

The Troels-Smith sediment classification data (Figure 8.9) support the above determinations. At 

the core base, sediment is a dark brown colour, and has a high ccxitent of herbaceous root 

material and calcareous remains, with whole shells present. The clay ccxitent is low and the 

material is poorly humified. From 135-85 cm, the sediment becomes light brownish grey in 

colour and the proportion of clay is very high. The sediment is slightly "sticky" but is quite 

gritty in texture, with a high proportion of organic and siliceous remains. From 85-70 cm the 

sediment is less gritty although there are traces of fine sand, and otherwise the composition 

remains unchanged. From 70-30 cm, the sediment becomes light brown in colour, and the 

proportion of clay decreases. The top of the core (30-0 cm) is a very dark brown mud, 

con^rised largely of organic detritus and siliceous remains, with traces of clay and silt and some 

herbaceous remains, though the material is well humified. Therefore, there are no sudden 

changes in the core. The core base appears to be a soil layer, indicating that the core represents 

the full sediment record of the reservoir at this point. The sediment becomes progressively more 

organic during the course of the reservoir’s development, but is jxincipally a clay-based 

sediment.
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8.3.3 Chronology
Samples from selected levels of the sediment core were analysed for ^Ra, and ^̂ Ĉs, as 

described in Chapter 2 (2.7). This core had a veiy unusual ^̂ ®Pb profile, in that the ^̂ ®Pb activity 

was virtually constant in the top 40 cm (Figure 8.11). Between 40 cm and 60 cm, the total ^̂ ®Pb 

activity declined, and remained at approximately the same value from 60 cm to the core base. 

In the lower section of the core it was difficult to determine the unsupported component with 

any great accuracy, because of the very low ^̂ ®Pb activities (Figure 8.11b). Owing to the ncm- 

monotonic nature of the profile, dating of the ccM'e by ^̂ ®Pb was only possible by using CRS 

dating models (Appleby & Oldfield, 1978). The results of these calculations (Figure 8.12) 

suggest a veiy rapid sediment accumulation rate, with the 1965 level being at a depth of around 

70 cm, and the base of the core at 140 cm, dating from the mid-1940s.

The ^̂ Ĉs activity had a very well defined peak at a depth of 60.5 cm (Figure 8.10), which 

clearly dates this level to c.1963, the year of maximum fallout from the atmospheric testing of 

nuclear weapons. Figure 8.12 shows that this ^̂ Ĉs date is in good agreement with the ^̂ ®Pb 

chronology, and confirms the elevated sediment accumulation rates over the past 30 to 40 years. 

The well defined ^̂ Ĉs peak also confirms that the uniform ^̂ ®Pb concentrations in the top 40 cm 

of the core are not due to extensive vertical mixing of the sediments. Dating the onset of 

significant "^Cs activity in the core at between 80-90 cm to 1954 is also in close agreement, 

though this method is sometimes inaccurate due to "^Cs mobility.

Therefore, in view of the extreme nature of the ^̂ °Pb profile, the most reliable estimate of the 

sediment accumulation rate is that given by the 1963 ^̂ Ĉs date. This value was used to 

determine the radiometric chronology, as shown in Table 8.3. The base of the core at 140 cm 

is dated by this method to c.1900, though in view of the uncertainties, dates of levels 

significantly below 80-90 cm should be treated with some caution. The results indicate that the 

sediment accumulation rate during the period 1948-1975 was 1.5 cm yr'\ and that this has 

increased to 2.5 cm yr'̂  over the period 1975-1991, and is therefore very fast.
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Figure 8.9 Plots of percentage dry weight, loss on ignition, carbonates, wet 
density, and Troels-Smith description for the sediment core from 
Marsworth Reservoir
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Figure 8.10 ‘̂ Ĉs concentration against sediment depth for the sediment core from
Marsworth Reservoir
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Figure 8.11  ̂"Pb concentration against sediment depth for the sediment core from
Marsworth Reservoir, a) total and b) unsupported ‘̂®Pb
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Figure 8.12 Sediment depth against age for the sediment core from Marsworth
Reservoir
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Table 8.3 Radiometric dating results for the sediment core from Marsworth 
Reservoir

Depth Cum Dry Chronology
Mass Date Age

cm -2gem AD yr ±

0.00 0.00 1991 0
5.00 0.95 1989 2 1

10.00 1.93 1987 4 1
15.00 3.03 1985 6 2
20.00 4.13 1983 8 2
25.00 5.30 1981 10 3
30.00 6.47 1979 12 3
35.00 7.67 1977 14 4
40.00 8.88 1975 16 4
45.00 10.26 1972 19 5
50.00 11.66 1969 22 5
55.00 13.29 1966 25 6
60.00 14.95 1963 28 6
65.00 16.86 1960 31 6
70.00 18.80 1956 35 7
75.00 21.04 1952 39 7
80.00 23.32 1948 43 7
85.00 25.67 1943 48
90.00 28.02 1939 52
95.00 30.31 1935 56

100.00 32.59 1931 60
105.00 34.70 1927 64
110.00 36.80 1923 68
115.00 38.89 1919 72
120.00 40.98 1915 76
125.00 43.01 1911 80
130.00 45.03 1908 83
135.00 47.04 1904 87
140.00 49.06 1900 91

Sedim entation Rate

gcm^yf* cmyr' ± (%)

1
2.5

0.54 -16%

1.5

E x t ra polated dates

NB. Standard e rro rs  quoted a re  the g re a te r  of the values given by 
137,or Cs.

304



Given that the reservoir was constructed in 1806, it would appear that approximately the first 

100 years of the sediment record are missing from the core, as the base is radiometrically dated 

to approximately 1900. The reasons for this are uncertain. The presence of a basal soil layer and 

a high clay content in the lower part of the core indicates that the core has sampled the full 

sediment record at this point in the reservoir, as described above. The questions that remain 

unanswered then are, "when did the sediment start accumulating on top of the soil layer? where 

was it accumulating in the early part of the reservoir's development if it was not at the deepest 

point? or are the radiometric results so unreliable as to make the extrapolation of dates 

inaccurate?"

8.3.4 Diatom stratigraphy

8.3.4.1 Changes in percentage composition of the diatom assemblages 

The percentage relative frequencies of taxa in 21 selected levels of the sediment core were 

counted as described in Chapter 6 (2.6). The diatoms were generally well-preserved and were 

present to the core base, although from 35-55 cm there were a large number of badly broken 

specimens and these samples appeared to have a lower diatom concentration than the rest of the 

core. A total of 108 diatom taxa were observed in the core, 43 of which do not occur in the 

training set of 102 taxa (though many of these species are rare in the core). Most of the common 

taxa are well represented in the training set. The results are displayed in Figure 8.13. In the 

diatom diagram, only the frequencies of the most common taxa are shown. The diagram has 

been zoned into four diatom assemblage zones, as defined by CONISS cluster analysis (Grimm, 

1987), to facilitate their description.

Zone 1. (below 55 cm; c.1900-1965)

This zone is characterized by a dominance of the small, centric planktonic taxa. However, there 

is a certain amount of variation in the relative abundances of the individual species throughout 

this zone, with Cyclostephanos [cf. tholiformis] (30%) and Cyclotella radiosa (15%) peaking at 

the 120 cm level, and Cyclostephanos dubius (30%) and Stephanodiscus parvus (30%) at their 

maximum relative abundance at 110 cm. Stephanodiscus hantzschii (15%) peaks at 70 cm. These 

fluctuations in the relative abundances of the five most frequent taxa suggest that the diatom 

bloom in the reservoir varied in its composition from year to year. The other frequent taxa in 

this zone, though in much lower frequencies than the centric, planktonic taxa, are the benthic 

Fragilaria taxa (F. pinnata, F. construens var. venter, and F. brevistriata), Synedra ulna and 

Synedra acus var. angustissima. Other notable features are the relatively high values of Amphora
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libyca. Amphora pediculus and Asterionella formosa, particularly in the lowermost 10 cm, which 

are not found to this extent elsewhere in the core.

Zone 2 (55-20 cm; 1965-1983)

This zone is characterized by a very large, though steady increase in the relative abundance of 

Stephanodiscus parvus from around 20% at 55 cm to 75% at 25 cm, and an increase in 

Cyclostephanos [cf. tholiformis^ from around 10% at 35 cm to 60% at 20 cm. Both of these taxa 

are associated with highly eutrophic waters. The importance of the other previously dominant 

centric, planktonic taxa is consequently lower than in Zone 1, particularly Cyclotella radiosa 

which declines markedly to less than 2%. The relative abundances of the ccxnmon non- 

planktonic taxa remain more or less unchanged. This indicates that the major changes are in the 

relative frequencies of the planktonic taxa throughout the history of the reservoir. Other notable 

features are the sharp rise and subsequent fall in Cyclotella meneghiniana at around 55 cm, and 

the gradual increase in values of Aulacoseira granulata var. angustissima from less than 5% at 

55 cm to 15% at 20 cm.

Zone 3. (20-10 cm; 1983-1987)

This zone marks a sharp decline in the relative abundance of Stephanodiscus parvus from its 

peak of 75% at 25 cm to less than 10% at 10 cm, and a steady decline in Cyclostephanos [cf. 

tholiformis^ from its peak of 60% at 20 cm to approximately 10% at 10 cm. The values of 

Aulacoseira granulata var. angustissima also decrease. Therefore, the three taxa that increased 

significantly in zone 2, decrease in zone 3. Conversely, the relative abundance of Cyclostephanos 

dubius, which declined in zone 2, gradually increases in zone 3 from only 5% at 20 cm to 35% 

at 10 cm. Hence, C. dubius becomes the dominant taxon in this level.

Zone 4. (10-0 cm; 1987-1991)

The major characteristics of this zone are similar to those of zcoie 2, as values of S. parvus and 

C. [cf. tholiformis] increase in the surface sample, whilst values of C. dubius decrease. Relative 

abundances of the other common taxa remain more or less unchanged, indicating that 

competition between these three dominant planktonic taxa largely influences the composition of 

the diatom assemblages in the core.

306



Figure 8.13 Summary diatom diagram of percentage relative abundance of the
common taxa in the sediment core from Marsworth Reservoir
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Figure 8.14 Total diatom concentration and concentrations of the common diatom
taxa in the sediment core from Marsworth Reservoir
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S.3.4.2 Changes in diatom concentrations
Diatom concentrations were calculated as described in Chapter 2 (2.6.2). The results are plotted 

in Figure 8.14. Total diatom concentration was very high at the base of the core (c.l900) with 

a value of 287 cells x 10® gdw'\ Total concentration was lower in the following period and 

remained stable at around 150 cells x 10® gdw'  ̂from 130-70 cm (1908-1956). This was followed 

by a decline from 70-45 cm (1956-1972) with a minimum concentration of 41 cells x 10® gdw^ 

at 45 cm. Total diatom concentration remained low until 25 cm (1981) when there was a large 

increase to 278 cells x 10® gdw'\ Total concentration decreased again from this peak to 70 cells 

X 10® gdw^ at 10 cm (1987), with a slight increase again at the top of the core to a concentration 

of 210 cells X 10® gdw'  ̂ in the surface sample (1991).

Concentrations of the individual dominant diatom taxa display very different patterns throughout 

the core. This contrasts with the results of the Eleven Acre Lake core, in which all the common 

taxa followed a similar trend in concentrations, though these differences may be a function of 

time-averaging by sample slice, given that the sediment accumulation rate is considerably slower 

in Eleven Acre Lake (Table 8.1) than in Marsworth Reservoir, where a 1 cm slice may only 

represent half a year in the upper part of the core (Table 8.3). In Marsworth Reservoir, the 

dominant taxa appear to be in competition rather than co-existing like the benthic Fragilaria 

taxa, as the planktonic taxa have peak concentrations in different levels. For example, 

Stephanodiscus hantzschii and Stephanodiscus hantzschii fo. tenuis have higher concentrations 

than the other dominant planktonic taxa at the base of the core. Cyclotella meneghiniana has a 

single peak in concentration of 33 cells x 10® gdw'  ̂ at 55 cm (1966). Similarly Stephanodiscus 

parvus has a large peak at 25 cm (1981) with a concentration of 210 cells x 10® gdw'\ and 

likewise Cyclostephanos [cf. tholiformis] has a peak at 20 cm (1983) with a concentration of 88 

cells X 10® gdw'\ and Cyclostephanos dubius has a peak at 5 cm with a concentration of 51 cells 

X 10® gdw'\

However, some levels of the core ccmsist of two or more taxa in similar concentrations, rather 

than single dominance by one species. For example, at 70 cm (1956), Stephanodiscus hantzschii, 

Stephanodiscus parvus, Cyclostephanos [cf. tholiformis] and Cyclotella radiosa all have 

concentrations in the range 15-40 cells x 10® gdw'\ and the surface sample has high 

concentrations of Stephanodiscus parvus, Cyclostephanos [cf. tholiformis], and Cyclostephanos 

dubius.
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DARs were not calculated because the only estimates of sediment accumulation rates are 1.5 cm 

yr'̂  from 1948-1975, and 2.5 cm yr^ from 1975-1991, which provide an estimate of c.0.54 g 

cm ̂  yr'̂  for 0-80 cm, and therefore the rate is the same for the whole post-1948 period (Table 

8.3). There are no reliable sediment accumulation rate estimates for the lower part of the core.

8.3.5 Weighted averaging calibration and reconstruction of past phosphorus concentrations 

The transfer functions for annual mean TP and winter mean SRP derived from the 30 site 

training set using simple WA with inverse regression, were applied to the sediment core, using 

WACALIB, version 3.0 (Line et al., 1991). The bootstrapped results are presented (Table 8.4) 

as they give a more realistic estimate of the errors of prediction than the apparent RMSE (Bides 

et at., 1990a). Figure 8.15 shows the reconstructed annual mean TP and winter mean SRP results 

(Mean boot), with the bootstrapped RMSE for each individual reconstructed value (Est_se_p). 

The results have been back-transformed to pg l \

The reconstructions of annual mean TP show that prior to 1965 (55 cm) there was little change 

in epilimnetic TP concentrations, with values always around 200 pg l \  except for an increase 

to C.300 pg 1̂  at 110 cm. Then in 1965 (55 cm) there was another peak in the TP concentration 

to 280 pg l \  The period 1969-1983 (50-20 cm) maiks the most significant changes in the TP 

levels of the reservoir, with a steady increase from 190 pg 1'̂  in 1969 to 486 pg 1'̂  in 1983. 

Since 1983, levels have remained high, though there has been a clear decline in concentrations, 

with TP levels of 400 pg 1̂  by 1985 (15 cm), and a further decrease to 340 pg 1̂  by 1989 (5 

cm). However, the top level of the core (0-0.5 cm) has a TP concentration of 387 pg l \  

indicating a slight increase again since 1989. Therefore, since 1900 the reservoir has had very 

high TP concentrations, and would be classed as hypertrophic, following the OECD trophy 

classification system (OECD, 1982). A marked increase occurred during the 1970s, followed by 

a decrease from the mid-1980s, and a further increase since 1990. The bootstrapped data show 

that the prediction errors (Est_se_p) are quite large, with a lower limit of around 150 pg l \  and 

an upper limit of around 600 pg 1̂  on a mean estimate of 300 pg l '\  The diatom-inferred annual 

mean TP concentration for the top 0-0.5 cm is 387 pg 1 \  which compares favourably with the 

measured annual mean TP concentration of the reservoir for the period October 1990 to 

December 1991, which is 475 pg l \  It underestimates the actual measured TP concentration by 

88 pg l \  although it can be argued that this is less significant than errors at lower P 

concentrations, as the biological implications are not as great once a lake is hypertrophic.
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Table 8.4 Results of weighted averaging calibration applied to Marsworth 
Reservoir: estimated mean values (Mean boot) and bootstrapped 
standard errors of prediction (Est sejp) for a) annual mean TP, and 
b) winter mean SRP (expressed in pg 1̂ )

a) Annual mean TP b) Winter mean SRP

Level
(cm)

Mean 
boot pg r*

Lower
Est_se_p

Upper
Est_se_p

Mean 
boot pg r*

Lower
Est_se_p

Upper
Est_se_p

0-0.5 3872 196.8 762.1 223.9 65.6 763.8

5-5.5 3372 162.6 700.0 166.0 44.7 616.6

10-10.5 343.6 168.3 701.5 162.9 44.7 594.3

15-15.5 403.6 201.4 809.0 196.3 53.2 724.4

20-21 486.4 238.2 993.0 274.8 70.1 1076.5

25-26 341.2 172.2 676.0 197.7 60.5 645.6

30-31 361.4 186.2 701.0 177.4 52.8 595.6

35-36 248.9 130.6 474.0 85.7 27.6 266.1

40-41 228.6 119.9 435.5 75.3 24.4 232.8

45-46 187.5 100.0 351.6 47.0 15.5 142.6

50-51 190.5 101.4 358.1 50.8 16.7 154.5

55-56 279.2 140.3 556.0 109.1 31.0 383.7

60-61 212.3 113.5 397.2 60.3 19.7 184.5

70-71 254.7 134.6 481.9 92.5 29.4 291.1

80-81 174.6 93.5 325.8 43.3 14.4 130.3

90-91 210.9 109.9 404.6 63.7 19.9 203.7

100-101 204.2 106.7 390.8 64.4 20.1 206.1

110-111 301.3 150.0 605.3 145.5 42.0 504.7

120-121 220.8 115.1 423.6 71.3 22.1 230.1

130-131 165.6 89.1 307.6 24.2 8.0 72.9

140-141 192.3 104.0 355.6 42.6 14.3 126.8
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Figure 8.15 Plot of reconstructed values for Marsworth Reservoir showing the 
mean (Mean boot) and standard errors of prediction (Est_se_p) 
estimated by bootstrapping for each level for a) annual mean TP and 
b) winter mean SRP (expressed in pg 1'*)
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The reconstructed winter mean SRP concentrations follow the same pattern as the annual mean 

TP reconstructed values. Prior to 1965, the winter SRP concentrations fluctuated slightly but 

were generally in the range 25-70 pg l \  except for a peak in 1923 (110 cm) where 

concentrations were 145 pg l '\  In 1965 (55 cm) there was a second peak of 109 pg l '\  and levels 

returned to approximately 50 pg 1'̂  by 1969 (50 cm). The period 1969-1983 (50-20 cm) marked 

the most significant changes in the winter mean SRP concentrations, as levels increased steadily 

from 50 pg 1'̂  in 1969 to 275 pg 1'̂  in 1983. Winter SRP concentrations subsequently declined 

from this peak in 1983 to 196 pg 1'̂  by 1985 (15 cm) and further declined to 166 pg 1'̂  by 1989 

(5 cm). An increase in SRP concentrations to 224 pg 1̂  occurs from 1989 (above 5 cm).

Therefore, the winter mean SRP concentrations of Marsworth Reservoir have always been high 

with values in excess of c.40 pg l '\  The SRP values have fluctuated considerably since 1900, 

but show the same marked increase from 1968 to the mid-1980s as the annual mean TP 

reconstructed values. The clear decrease in SRP concentrations from 1983 to 1989, followed by 

a further increase in values in the last few years, is also consistent with the TP ccmcentrations. 

The bootstrapped data shows that the prediction errors (Est_se_p) are large when reconstructing 

winter SRP at high concentrations. For example, a mean estimate of 160 pg l '\  has a lower error 

value of around 45 pg l '\  and an upper error estimate of around 600 pg l \  The diatom-inferred 

winter mean SRP concentration for the top 0-0.5 cm is 224 pg l \  which compares favourably 

with the measured winter mean SRP concentration of the reservoir for the period October 1990 

to December 1991, which is 371.5 pg l '\  though as for the TP reconstruction, SRP is 

underestimated, with a discrepancy between inferred and measured SRP values of 148 pg 1̂  for 

1991.

8.3.6 Discussion

The model appears to perform well for reconstructing the range of P values in Marsworth 

Reservoir, but the standard errors of prediction are quite large at these high concentrations. 

However, even in view of the errors, the range of values would place Marsworth Reservoir in 

the hypertrophic category (OECD, 1982). For example, the standard error range is 150-600 pg 

1̂  on an estimated annual mean TP value of 300 pg l \  though given that the natural intra-annual 

variability of TP in the reservoir is 303-673 pg l \  the model provides a realistic estimate. The 

standard errors of prediction are even greater for the winter SRP model. For example, the 

standard error range is 45-600 pg 1̂  on an estimated winter mean SRP value of 160 pg l \  The 

errors cover an order of magnitude, but given that the natural intra-annual variability of SRP
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concentrations in the reservoir is 97-654 pg l \  the model provides a reasonable estimate.

The difference between measured and diatom-inferred values for the tc^ of the core (1991) 

demonstrates that the model slightly underestimates for Marsworth Reservoir. This is expected 

as the WA model based on inverse regression has a tendency to underestimate at the high end 

of the gradient, possibly due to a lack of further diatom response to increasing P levels at such 

high concentrations, and instead a response by other algal groups, but also due to the inherent 

skewness of the inverse deshrinking method, as discussed in Chapter 7.

The transfer functions seem to provide reliable estimates of species optima for the common 

diatom taxa in Marsworth Reservoir. The diatom assemblages in the sediment core all have good 

analogues in the training set, with the dominant taxa all occurring in a large number of training 

samples, often with a h i^  relative abundance. Consequently, the TP and SRP optima for these 

taxa are likely to be reliable estimates. The benthic Fragilaria taxa are important in the 

Marsworth Reservoir fossil diatom assemblages but never have a relative abundance of more 

than 20%. The study demonstrates that these benthic Fragilaria species are present in shallow 

waters, even when hypertrophic conditions exist, and evidently can tolerate a large range of P 

concentrations, thus emphasising the difficulty of using such taxa as indicators of trophic change.

The marked increases of Cyclostephanos [cf. tholiformis^, with a very high TP optimum of 337 

pg r \  and Stephanodiscus parvus, with a high TP optimum of 200 pg l \  taxa associated with 

strongly eutrophic waters, and the corresponding decline in Cyclotella radiosa with a lower TP 

optimum of 71 pg 1 \  a species ccxnmonly associated with lower nutrient conditions, indicates 

that the P levels in the reservoir increased from 1900 to the mid-1980s. The reconstructed values 

estimate an increase from around 170 pg 1̂  at the start of the century to a maximum of 486 pg 

1̂  in 1983. The reverse occurs from 1983 to 1989 when Cyclostephanos [cf. tholiformis] and 

Stephanodiscus parvus decline, and Cyclostephanos dubius, with a TP optimum of 215 pg l'\ 

becomes the dominant species, with a ccxresponding decline in inferred concentrations to 337 

pg by 1989. There is subsequently a further increase in Cyclostephanos [cf. tholiformis] and 

Stephanodiscus parvus from 1989 to 1991 and thus an increase in the diatom-inferred TP value 

to 387 pg 1̂  in 1991.

Therefore, the dominant planktonic taxa strongly influence the reconstructed values and have a 

more direct relationship with water chemistry than the non-planktcwiic taxa, indicating that they
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are good indicators of epilimnetic nutrient levels. The composition of the assemblages in the core 

suggests that frequently the assemblage is dominated by a single planktonic species, and is quite 

quickly replaced by dominance of another single taxon, as indicated by the large difference 

between samples (eg. compare level 25-26 cm to level 20-21 cm) which span a period of only 

two years. This may be reflecting seasonal changes in the dominant species, though the 

resolution is insufficient to allow a full interpretation of seasonal events. The calculation of 

diatom concentrations suggests that total diatom concentration is not as reliable as relative 

abundance of individual taxa for interpreting changes in trophic status. For example, during the 

period 1969-1983 (50-20 cm), which marks the most significant changes in the floristic 

composition of the fossil assemblages and in the inferred TP levels, the total diatom 

concentration remains more or less stable at around 50 cells x 10® gdw'  ̂ from 50-30 cm, with 

a single peak of 278 cells x 10® gdw'  ̂at 25 cm, and is therefore not a good measure of reservoir 

productivity.

The composition of the fossil diatom assemblages and the application of the transfer functions 

to Marsworth Reservoir, show that the reservoir has always been hypertrophic (annual mean TP 

range 166-486 pg 1̂ ; winter mean SRP range 24-275 pg 1̂ ) with a diatom flora typical of 

alkaline, strongly eutrophic, shallow waters.

The documentary information concerning catchment changes and events corresponds to the 

diatom-inferred P history of the reservoir. The inferred increase in P concentrations from 1900 

to the mid-1980s is consistent with the observation that the sewage works in the catchment, 

which serves the nearby town of Tring and two villages, had to serve an increasing population 

during the 1900s. During this period, the old sewage works system was unable to cope and 

increasing amounts of partially treated effluent are thought to have discharged into Marsworth 

Reservoir via "the dirty ditch". The timing of the peak in ccmcentrations, estimated by the mcxiel 

as 1983, corresponds to the observations in the early 1980s of a deterioration in water clarity, 

a higher frequency of algal blooms and a number of fish deaths. The timing of the subsequent 

reduction in P levels from 1983 to 1989 inferred by the model, corresponds with the installation 

of the modernised sewage treatment plant and the diversion of the effluent into the canal during 

the summer, rather than directly into Marsworth Reservoir.

P concentrations are not expected to have dramatically decreased as there is still some indirect 

entry of treated sewage effluent when the canal water enters the reservoir, and when effluent
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discharges into the reservoir in winter, and this may explain the slight rise in values in recent 

years. A further possible explanation for the less than dramatic improvement is internal P cycling 

via sediment release. The seasonal water chemistry data for this site indicate that SRP release 

from the sediments does occur, as enhanced levels of both TP and SRP were observed during 

the summer (see Figure 4.37). However, an improvement in water clarity and less frequent algal 

blooms have been noted since 1985, supporting the fall in reconstructed values since this time 

(B. Double, pers. comm.).

The advantage of reconstructing both TP and SRP values is that it enables an estimate to be 

made of the proportion of TP that is biologically available. In Marsworth Reservoir, it seems that 

the proportion of TP that is biologically available has generally increased. For example, the 

"average" percentage annual mean TP constituted by winter mean SRP for the pre-1979 period 

(below 30 cm) was 30%, compared to an "average" of 52% for the post-1979 period, possibly 

indicating that less particulate P has entered the reservoir in this recent period or that there is 

now a large internal load of available P, owing to the continued high P inputs to the reservoir 

throughout the twentieth century. The similarity between the reconstructed trends for winter SRP 

and annual mean TP indicates that TP can be used as a reliable surrogate for SRP in this data

set, but the results suggest that a combination of both a TP and an SRP transfer function might 

be able to provide extra information concerning the sources of P to a water body.

8.4 Concluding comments

The study shows that a large percentage (80%) of the randomly chosen ponds of south-east 

England (98 of the original 123 sites) have undistuibed surface sediments and are suitable for 

generating surface sediment training sets, but that a much lower percentage are suitable for 

palaeolimnological investigations. Only two of the 31 training set sites (6.5%) have long, 

undisturbed sediment records. Therefore, although the transfer functions can be generated and 

the models can provide reliable estimates of past P concentrations, it may only be possible to 

reconstruct the very recent environmental histories of many such sites, owing to the shallow 

depth of accumulated sediment.

The sediment record from the two selected sites illustrates that some shallow, artificial waters 

of this nature can be suitable for palaeolimnological reconstructions. The gradual changes in the 

composition of the sediment and fossil diatom assemblages indicate that the sediment record has 

not been disturbed. The rapid sediment accumulation rates indicate that the sediment has
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sufficient temporal resolution for work of this kind, and suggests that it may easily be possible 

to achieve annual resolution from sediments of other enriched ponds.

At the outset of the stu(fy, it was diought that one of the advantages of using ponds for 

palaeolimnological research was that their artificial origin would mean that the exact date of the 

creation of the site would be known, and consequently that this date would provide a 

chronological marker. However, the Marsworth Reservoir study shows that this is not always the 

case and that radiometric dating is required to give reliable estimates, as it cannot be assumed 

that the base of the sediment record represents the date of origin of the site. There are clearly 

uncertainties over the pre-1900 sedimentation patterns, and this prevents any longer term 

environmental reconstruction work at this site.

The study of Eleven Acre Lake highlights the difference between the WA distributions of some 

diatom taxa and factors such as habitat and competition. That is, two taxa may have similar P 

optima (eg. Fragilaria brevistriata and Gyrosigma acuminatum) but may grow in different 

habitats, and therefore a floristic change from one species to the other may not indicate a change 

in nutrient concentrations, but might signal changes in other aspects of the water body, such as 

water depth or substrate. In future, more information concerning changes in epilimnetic water 

chemistry may be generated by separating the non-planktonic and planktonic forms in the 

assemblages, as the planktonic taxa appear to be more directly related to these changes than the 

benthic forms.

However, the results of the Marsworth Reservoir study suggest that changes in planktonic taxa 

may not always be directly related to changes in nutrient levels. The annual fluctuations in the 

dominant planktonic species in the fossil diatom assemblages indicate that factors in addition to 

nutrients may be influencing the planktonic populations. Research focusing on modem algal 

records and phytoplankton periodicity has demonstrated how plankton species can vary 

considerably from year to year, based on weather patterns, grazing activity and fungal parasitism, 

for instance [see Chapter 6 (6.3)].

At hypertrophic P levels, the errors of the model are clearly large, though they are realistic given 

the large intra-annual variability in concentrations in these strongly enriched waters. It is unlikely 

that the errors of prediction can be reduced below the natural variability in the water chemistry 

of a site. However, if the model is able to provide an estimate which suggests that the water
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body is hypertroi^c, it may not be so important at these high levels to produce accurate P 

estimates, as the fact that the water is so high in P concentrations that the diatoms are no longer 

responding, indicates that measures should be taken to reduce the P concentration of the water 

body substantially. At lower P levels, the errors of the model are much smaller and this is 

important because the implications of a previously oligotrophic lake becoming mesotrophic, or 

a mesotrophic lake becoming eutrophic, are likely to be greater in terms of the changes in the 

biological structure of the lake and the water quality, than if a strongly eutrophic lake becomes 

even more productive. These results further justify the use of logged data for developing the 

transfer functions, as there appears to be a biological response to the log of P. This is consistent 

with the findings of diatom and pH studies, where the response is also a logarithmic one (Birks 

et a l, 1990b).

To summarize, the application of the transfer functions to the two sites demonstrates that the 

model performs well across a large range of TP and SRP concentrations, as the errors are 

realistic and are generally within the range of natural intra-annual variability of the measured 

concentrations at the sites. Furthermore, the diatom-inferred TP and SRP values for the surface 

sample of the cores are in good agreement with the current measured epilimnetic concentrations. 

The reconstructed trends are supported by documented catchment events in both cases.
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CHAPTER NINE 

CONCLUSIONS

This thesis has explored the use of palaeolimnological techniques for reconstructing the nutrient 

history of ponds in south-east England. In particular, it assesses the extent to which a P transfer 

function can be generated from a surface sediment diatom assemblage and contemporary water 

chemistry training set in the region.

In this chapter, the success of the transfer function approach to reconstructing lake nutrient status 

is evaluated and the potential use of shallow ponds for palaeolimnological research is 

summarized. The final section focuses on the implications for future research in this field, and 

further developments are suggested.

9.1 An evaluation of the success of the diatom-phosphorus transfer functions

The study illustrates that the method of WA can be successfully used to generate a diatom-P 

transfer function for ponds in south-east England. The transfer functions for annual mean TP and 

winter mean SRP perform well across a large range of concentrations (annual mean TP in the 

range 25-646 pg 1̂ ; winter mean SRP in the range 3-558 pg 1'̂ ) and have good predictive ability 

[annual mean TP: r^ = 0.79; RMSE = 0.161; RMSEyq̂ , = 0.279; n = 30]; and winter mean SRP: 

r^ =0.82; RMSE = 0.273: RMSE^^ = 0.486; n = 30]. The WA model can be used to infer past 

P concentrations from fossil diatom assemblages in sediment cores from mesotrophic to 

hypertrophic waters.

This palaeolimnological technique can make an important contribution to lake eutrophication 

research as, unlike existing predictive models of P loads, it enables pre-enrichment P 

concentrations to be estimated, and can provide information concerning the CMiset, development 

and causes of eutrophication at a given site. A knowledge of background levels allows targets 

for nutrient reductions to be set, and this information can be incorporated into the design and 

implementation of lake restoration and conservation programmes. The WA approach is able to 

provide quantitative estimates of epilimnetic chemistry, which are mcwe immediate and 

meaningful to water managers than biological shifts in diatom species composition in sediment 

cores.
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As outlined in Chapter 1, the WA approach is theoretically superior to existing linear-regression 

equations for inferring trophic status (eg. Agbeti & Dickman, 1989; Whitmore, 1989), as the WA 

inferences retain ecological information, and the rationale of the WA technique is more sound 

ecologically than linear response models (ter Braak & van Dam, 1989). This study therefore also 

makes a contribution to diatom ecology, as it increases understanding of the distribution of many 

species along a P gradient and assigns optimum and tolerance values. The low ratio values s js 2 

of 0.336 for TP and 0.354 for SRP, suggest that fairly reliable estimates of the species optima 

and tolerances are derived. As with the pH transfer function, S2 is approximately three times 

larger than s^, indicating the predominance of nature’s inherent variability (eg. Birks et al., 

1990a).

The success of the south-east England transfer functions compares favourably with other recently 

devised WA diatom-P transfer functions; for example, the correlation coefficients between 

observed and inferred values in the present study are r  ̂= 0.79 for TP and r  ̂= 0.82 for SRP, 

compared with r  ̂= 0.75 for a Northern Ireland data-set (Anderson, et a i, 1993), and r  ̂= 0.73 

for a British Columbia data-set (Hall & Smol, 1992). The south-east England transfer function 

complements the work of Hall and Smol (1992) as their model is able to infer reliably TP 

concentrations within the range 5 - 28 pg l \  whilst this study covers a TP range of 25 - 646 pg 

r \  illustrating that the WA method can be successfully applied to lakes across a very wide range 

of trophic status from oligotrophic to hypertrophic.

However, when the results of this study are compared with WA diatom-pH transfer functions, 

it is evident that the pH model is more robust than the P model, as there appears to be a more 

direct relationship between diatoms and pH; for example, the correlation coefficient between 

observed and inferred pH was r^ = 0.87, and RMSEboot was 0.320 for a WA transfer function 

derived from a training set of 167 samples (Birks et a i, 1990b). The diatom-P transfer function 

compares favourably with diatom-salinity transfer functions; for example, the correlation 

coefficient between observed and inferred salinity was r ̂  = 0.83 for a WA transfer function 

derived from 55 surface sample sites (Fritz et a i, 1991). However, the P transfer function for 

south-east England pcmds does not suffer from problems of diatom dissolution that are 

experienced in saline lakes or waters rich in CaCOj (Fritz, 1990).

This study demonstrates the complexity of eutrophic waters and that factors controlling diatom 

abundance in eutrophic lakes are multivariate. The scatter in the model suggests that factors such
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as availability of nutrients other than P, light, water depth, nature of the substrate, sinking rate, 

grazing pressure, weather patterns, and particularly natural seasonal variability in lake water 

nutrient levels, which cannot be fully accounted for in a model where a single measure of TP 

or SRP is to be predicted, may be important in controlling diatom populations. Therefore, a 

reduction in the errors of the model might prove difficult.

In this study, the errors of the model are generally within the range of natural intra-annual 

variability of the measured P concentrations at the sites. At Eleven Acre Lake, the standard error 

range is 40-150 pg 1̂  on an estimated annual mean TP value of 77 pg l \  whereas the measured 

range of TP values is 31-383 pg l \  For the same site, the standard error range is 1.5-15 pg 1̂  

on an estimated winter mean SRP value of 4.5 pg l \  compared with a measured range of 0.8- 

14.7 pg l '\  At Marsworth Reservoir, the standard error range is 150-600 pg 1'̂  on an estimated 

annual mean TP concentration of 300 pg l '\  whereas the measured range of TP is 303-673 pg 

l '\  At this site, the standard error range is 45-600 pg 1̂  on an estimated winter mean SRP value 

of 160 pg r \  compared with a measured range of 97-654 pg l '\  Given that the diatom-inferred 

P values for the surface sample of the two sediment cores are in good agreement with the current 

measured epilimnetic concentrations, and that the reconstructed trends are supported by 

documented catchment events, it can be concluded that the errors are reasonable, and that 

diatoms can be used to reconstruct past nutrient levels with good statistical confidence.

In summary, WA diatom-P transfer functions can contribute significantly to the eutrophication 

debate. Methodologically, the technique is robust and ecologically supericM* to previous linear 

regression diatom-P models. Ecologically, information concerning species response to P is 

obtained, and from a management perspective, reliable quantitative estimates of past P 

concentrations can be derived, which could not be obtained from early predictive models of P 

loading.

9.2 Applications: eutrophication in south-east England

It can be concluded from this study that a large number of ponds in south-east England have 

high P concentrations and most would be ccMisidered moderately to strongly eutrophic (OECD, 

1982). A P transfer function which enables the reconstruction of lake trophic status, providing 

water managers with estimates of pre-enrichment P levels, is therefore highly desirable and 

appropriate for this part of Britain. This approach can provide answers to the questions whether, 

when and to what extent eutrophication has occurred at a site.
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It f̂ >pears that many of the strongly eutrophic ponds have internal P loading problems, and 

dredging rather than reduction of external nutrient loads may be a more appropriate lake 

restoration measure. Furthermore, given the fast sediment accumulation rate at many of these 

sites, it is estimated that the average "life-expectancy” of a pond with an initial water depth of 

one to two metres is approximately only 30 or 40 years, by which time dredging is the only 

feasible method of restoration (J. Woudstra, pers. comm.). This frequency of dredging may 

e^lain why so many of the sampled ponds have very shallow sediments, but unfortunately also 

indicates that a knowledge of background P levels may not be particularly useful to managers 

and landowners of waters of this nature, as dredging is the only method which can improve 

water quality and pond appearance on a long-term basis. Such measures obviously result in the 

loss of the sediment record on which the transfer function approach is based.

However, despite the limited applicability of the model to the very shallow ponds, the 

application of the transfer functions to Eleven Acre Lake, with a maximum water depth of 3 m, 

and Marsworth Reservoir, with a maximum water depth of 4 m, demonstrates that the technique 

can be valuable, and is able to provide information concerning the onset and extent of 

eutrc^hication for some of the shallow waters in south-east En^and. The study shows that 

Eleven Acre Lake has always been relatively unproductive (TP = 60-80 pg 1'̂ ) with only a slight 

increase in TP concentrations since the mid-1900s, associated with sewage effluent inputs. In 

contrast, Marsworth Reservoir has always been a highly eutrophic lake, with TP concentrations 

in excess of 200 pg l '\  P levels increased from 1900 to the mid-1980s owing to increased 

sewage inputs as a result of the expanding local population, and have subsequently decreased 

from a peak in 1983, following the installation of a modernised sewage treatment plant. 

However, improvements in water quality have been less than dramatic because of P recycling 

and indirect entry of treated effluent via the adjoining canal.

9.3 An assessment of the usefulness of ponds for palaeolimnological research

As previously discussed, the uppermost sediments of many of these ponds appear to be 

contemporaiy. 80% of the sampled sites (98 of the original 123) appear to have undisturbed 

surface sediments. It can be concluded that although factors in additicxi to P, particularly 

maximum water depth in this data-set, influence the compositicm of the surface sediment diatom 

assemblages, training sets of shallow ponds are adequate to yield reliable estimates of diatom 

taxon optima and tolerances by WA regression (see above). However, the dominance of 

Fragilaria taxa in the diatom assemblages of these shallow ponds is problematic in terms of
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reconstnicting trophic change, as the relationship between these non-planktonic forms and 

epilimnetic P concentrations is not as direct as that between planktonic taxa and water chemistry.

A low percentage (6.5%) of the sampled ponds are suitable for long-term palaeolimnological 

investigations. That is, only 2 of the 31 sites in the training set have long, undisturbed sediment 

records, as indicated by the sediment depth survey and knowledge about the site obtained from 

the landowners. Therefore, although transfer functions can be generated from ponds, and the 

models can provide reliable estimates of past P concentrations, it may only be possible to 

reconstruct the very recent environmental histories of many of these shallow, artificial sites, 

owing to the shallow depth of accumulated sediment.

In summary, the success of the transfer functicxis derived from the ponds in south-east England 

suggests that despite their restricted diatom flora, artificial ponds can be used for 

palaeolimnological research in much the same way as deep, natural lakes. However, many of 

these waters do not have long sediment records. This approach may be more useful for deeper, 

natural lakes (see below).

9.4 Implications for future work

The experience gained in this study indicates a number of ways in which the diatom-P transfer 

function could be improved for south-east England, and suggests ways in which the approach 

could be extended to other waters.

9.4.1 Training set size

The results of the south-east England data-set highlight the importance of thorough data 

screening and the need to identify outliers as these clearly increase the RMSE of prediction of 

the models (eg. the model including the outlier, site No. 31, produced a result of r ̂  = 0.68; 

RMSE = 0.209; RMSE^ = 0.334; n = 31 for annual mean TP, compared to r  ̂= 0.79; RMSE 

= 0.161; RMSEboot = 0.279; n = 30, when the model is run with the outlier omitted). Outlier 

samples may have an unusual diatom assemblage (eg. site No. 88), an unusual water chemistry 

(eg. site No. 88) or a diatom assemblage with a poor relationship to the environmental variable 

to be inferred (eg. site No. 31). The implications are that as many sites as possible should be 

sampled to form a training set which is large enough to enable the exclusion of all significant 

outliers. Time constraints meant that CMily 31 sites could be sampled in this study. A larger data

set might allow an extension of the nutrient gradient, and more reliable estimates of diatom
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species optima to be derived.

Where possible, an independent test set of a similar size to the training set should be generated 

as this takes all error ccxnponents into account, such as lack-of-fit and sampling variation, and 

the RMSE of prediction of test sets is considered to be the "appropriate benchmark to compare 

methods" (ter Braak & van Dam, 1989).

9.4.2 Water chemistry data
The value of undertaking a preliminary water chemistry survey of a large number of randomly 

chosen sites is highli^ted in this study. By establishing the important environmental gradients, 

and by determining rogue samples both in terms of chemistry and suitability of sediment prior 

to site selection, an adequate training set was developed which spanned the environmental 

gradients of interest and which contained few outliers. Furthermore, given the random sampling 

strategy, bias was kept to a minimum and the conclusions based on statistical analyses are highly 

valid (cf. Jongman et al., 1987).

The seasonal water chemistry patterns observed in this study have a number of implications for 

future work on shallow, enriched water bodies. As previously discussed, it is important to 

establish the most representative single measure of the environmental variable to be inferred 

when generating transfer functions, in order to minimise the errors in the model. The results 

strongly suggest that internal cycling of nutrients, which often occurs in the summer, is 

important in these waters, and therefore it is recommended that annual means of TP and SRP 

rather than winter means are used as they provide better estimates of the water quality status and 

the biological availability of P in sites of this kind.

The difference between the winter 1990 and winter 1991 values, and between the spot sample 

(Jan/Feb 1990) and the winter seasonal mean values, indicate that inter-annual variability is 

likely to be significant in these shallow, enriched waters. A longer period of sampling than was 

possible here is recommended to improve the representativity of the data, and to allow inter

annual variability to be taken into account

9.4.3 Biological data

In this study, only surface sediment diatom assemblages were analysed owing to time constraints. 

However, in future the collection of live diatom material may be particularly informative, in
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order to shed light on the origins of the taxa found in the surface sediments, and to explore how 

well the sediments represent the contemporary flœa of shallow, enriched waters. Woric on 

contemporary material would also allow investigations into the relationship between plankton 

populations and epilimnetic nutrient levels, for instance whether crops occur in the summer when 

P is being recycled in these shallow waters. The rapid change from dominance by a single taxon 

in one level of the Marsworth Reservoir sediment core, to dominance by another taxon in 

adjacent levels, suggests that the timing of diatom blooms and the way they are represented in 

the sediment record of eutrophic waters may be an important research area.

The problems associated with relating non-planktonic diatom forms to epilimnetic nutrient 

concentrations requires further work, and there is a need for more research on the ecology and 

distribution of non-planktonic diatoms in shallow waters. This information may help to improve 

the predictive ability of P transfer functions derived from shallow ponds. The abundance of non- 

planktonic diatom taxa in this data-set suggests that in future, more information concerning 

changes in epilimnetic water chemistry may be generated by separating the non-planktonic and 

planktonic forms in the development of inference models, as the planktonic taxa appear to be 

more directly related to these changes than the benthic forms.

9.4.4 Analysis of other environmental variables

The CCA results for the south-east England data-set indicate that some other factcf or factors, 

in addition to P, are controlling the diatom species distributions (ie. TP explains only 6.7% and 

SRP 7.3% of the variance in the diatom data in a constrained CCA). This implies that there is 

a need to assess the role of factors other than P in explaining diatom distributions; for example 

the influence of a range of physical (eg. light, maximum water depth, physical mixing), chemical 

(eg. SiOg availability), and biological factors (eg. grazing). Therefore, future work encompassing 

all aspects of nutrient dynamics and biological structure in eutrophic waters is required. Such 

additional data, if incorporated into the model, may improve the statistical confidence of P 

reconstructions. Where such variables are measured but are not incorporated into the model, the 

additional information may at least provide a better understanding of the limitations of the 

transfer function approach.

9.4.5 Other lake types

The present training set would require substantial expansion (diatoms, chemistry and lake types) 

to be useful for nutrient reconstruction at deeper and less eutrophic sites, typical of natural lakes
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in other parts of the United Kingdom. Therefore, a natural extension of this wofk would be to 

expand the data-set to include different lake types. Similar diatom-P training sets for deeper, 

natural lakes would enable a more thorough assessment of the differences between shallow, 

artificial ponds and other lakes to be made, both in terms of their appropriateness for generating 

regional P transfer functions and in terms of the nature of the diatom assemblages. Work on 

deep, natural lakes would also further our understanding of the impact of physical factors upon 

trophic interactions and diatom distributions, for example lake morphometry, thermal 

stratification and water depth.

There is also scope to extend this technique to lakes with lower P concentrations than those 

studied here. The potential to identify a change from oligotrophic to mesotrophic conditions 

using transfer functions should be explored, as it is biological changes at this end of the trophic 

gradient that are often the most significant, and yet are often the most difficult to detect from 

contemporary observations and monitoring because of the subtle trends involved. The work of 

Hall and Smol (1992) on British Columbian lakes has indicated that the WA technique works 

for TP concentrations in the range 5 - 28 pg l \

In the United Kingdom, there is potential to generate regional training sets for lakes with low 

P concentrations. Although previous concern has been largely focused on lakes with high P 

concentrations, enrichment is also a problem for oligotrophic lakes. Such lakes are especially 

common in Scotland. They are important for a wide variety of reasons, including tourism, 

recreation, commercial fisheries, water supply, electricity generation and nature conservation, and 

have been the subject of a number of research projects (eg. Hassler, 1947; Bailey-Watts & 

Duncan, 1981a, 1981b; Maitland et a/., 1981). The chemical characteristics of these lochs are 

largely determined by catchment soils and geology, but current trends such as increasing 

fertilisation of arable land, afforestation, increases in population size, expansion of commercial 

fisheries, and increasing importance of tourism indicate that these lochs are subject to increasing 

nutrient supply (eg. Maitland et al.y 1981). Indeed preliminary analyses of fossil diatom 

assemblages in a sediment core from Loch Ness identify a change in the composition of the 

diatom flora since 1960 when the planktonic component increases, with further changes since 

the mid-1980s (V. J. Jones, pers. comm.), indicating a slight increase in lake productivity. These 

observations indicate that even the largest Scottish loch is not in pristine condition and illustrate 

the sensitivity of the sediment record in detecting subtle trends at low nutrient concentrations. 

However, at present there is no means of quantifying such trends, or indeed, of testing the
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hypothesis that these changes are due to nutrient enrichment. Consequently, the generation of 

a nutrient transfer functicm spanning a TP range of < 1 to 50 pg l '\  for waters of this kind is 

required.

By extending the data-set across a larger P range and by increasing the number of sites in the 

training set, more accurate estimates of diatom species P c^tima can be calculated, and important 

ecological information generated. Furthermore, by investigating deeper lakes, it is likely that the 

diatom flora will be less restricted by water depth than in the very shallow ponds of south-east 

England, and there will be wider representation of the planktonic diatom taxa, such as Cyclotella 

spp and Aulacoseira spp.

9.4.6 Validation of the model

Although diatom-based transfer functions for reconstructing lake pH have developed significantly 

over the last decade (eg. ter Braak & van Dam, 1989) and have been widely applied and tested 

(eg. Charles et a l, 1989; Biiks et a l, 1990a; Dixit et al., 1991), the development of nutrient 

transfer functions is relatively recent, with a number of papers currently in press (eg. Anderson 

et al., 1993; Christie & Smol, 1993: Fritz et al., 1993).

Despite the potential illustrated by these papers and by the present study, much further work is 

required to resolve the relationship between surface sediment diatom assemblage and nutrients. 

Transfer functions need validation and training sets need expansion. Therefore, one important 

aspect of future research would be to perform a validation exercise whereby WA nutrient 

estimates can be compared with available long-term water chemistry records and historical 

phytoplankton data, as a means of testing how accurately the diatom model estimates epilimnetic 

nutrient concentrations.

There are no known sites in south-east England with either historical phytoplankton records or 

long-term water chemistry data. However, in future it may be possible to validate the diatom-P 

transfer functions by applying the technique to a site where such information exists. Potential 

sites for work of this kind include Coldingham Loch (eg. Bailey-Watts et al., 1987) and Loch 

Leven in Scotland (eg. Bailey-Watts, 1978; Bailey-Watts et al., 1990); Lough Neagh (eg. 

Battarbee, 1978a; Gibson et al., 1988) and Lough Erne (eg. Gibson et al., 1980; Battarbee, 

1986b) in Northern Ireland; Lake Windermere (eg. Lund et al., 1963) and Blelham Tam (eg. 

Lund, 1979; Haworth, 1980) in the English Lake District; Rostheme Mere, Cheshire (eg.
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Reynolds & Bellinger, 1992), and Crose Mere, Shropshire (eg. Reynolds, 1973a).

The changes in the contemporary biological data over time could then be compared with changes 

in the composition of the diatom assemblages in the sediment cores (cf. Haworth, 1980). 

Additionally, past epilimnetic water chemistry data could be compared with the reconstructed 

P concentrations to examine how closely the diatom-inferred estimates correspond to past 

measured values. This validation exercise would provide a rigorous test of how well 

palaeolimnological diatom-P transfer functions perform.
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APPENDIX ONE

Appendix 1.1 Water chemistry data for 123 randomly chosen sites 
(January/February 1990)
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Site
code

pH Alkalinity 
meq 1‘

Cond 
pS cm'*

Na*
peql-*

K
peqr*

Ca-
peqr*

M g-
M*qi‘

a
peql-*

S O /
peqr*

NO,
peqr*

Aba>-
250nra

TP

023 7.56 2.06 292 464 79 2180 183 524 459 133 0.333 41.71
024 8.06 2.70 446 1171 58 2875 223 1128 474 374 0214 137.34
025 122 1.12 289 773 132 1085 593 699 1184 33 0241 30.69
026 7.73 3.92 1016 1372 247 8215 1136 1042 6259 95 0.106 44.42
027 7.32 1.76 316 750 131 1595 457 698 1493 592 0245 144.58
028 5.85 0.88 489 2332 112 100 468 2263 1079 90 0.175 23.04
029 7.59 1.98 473 732 89 2120 1742 664 2257 85 0285 60.58
030 7.16 1.48 277 548 159 1345 545 663 916 0 0290 32.32
031 8.07 4.08 520 631 176 4770 289 597 1674 138 0.126 704.00
032 8.14 2.78 316 434 52 2853 289 590 482 177 0.182 58.34
033 527 0.01 374 930 129 2600 325 792 2893 0 0.152 31.82
034 8.14 2980 413 947 110 2905 348 914 956 175 0.157 213.44
035 4.35 0.01 236 604 54 1025 410 442 1308 0 0.051 48.64
036 754 1.98 266 563 110 1888 270 624 689 155 0.095 77.90
037 7.74 1.93 329 531 67 2788 187 550 684 263 0.088 66.00
038 7.18 0.28 181 601 57 1078 164 532 566 86 0.086 28.53
039 727 1.80 287 609 102 1945 268 772 602 355 0.175 58.88
040 8.25 7.20 512 345 31 5250 121 329 158 260 0.021 115.92
041 7.43 0.85 226 351 67 2023 91 593 198 416 0211 107.10
042 7.86 2.66 277 484 59 2665 139 573 644 82 0.104 123.70
043 7.10 1.06 185 587 371 750 95 658 390 84 0.553 343.36
043a 7.66 2.04 289 544 61 2503 192 761 1308 1011 0283 56.00
044 6.85 029 212 645 61 1340 239 760 572 208 0201 80.57
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Site
code

pH Alkalinity 
meq 1*‘

Cond 
pS cm’*

Na*
p*q»‘

K*
p*qr‘

Ca-
peqr*

Mg** Cl
peql*

S O /
l»eqr*

NO,’
peql’*

Aba-
250nm

TP
« I ”*

045 6.74 0.12 155 504 26 998 187 592 426 314 0.178 171.90
046 7.83 324 676 1461 85 5015 501 1964 1309 1244 0286 41.17
047 754 2.78 400 1153 119 2488 390 1522 1118 422 0.450 125.14
048 7.90 3.36 454 913 71 3568 304 1308 775 168 0.421 96.58
049 8.15 5.38 483 534 33 3855 165 611 300 0 0.026 34.34
050 7.24 1.46 420 1453 99 1785 612 1687 865 551 0263 163.43
051 7.75 254 376 1165 133 2188 377 1429 536 46 0.106 80.98
052 12% 1.88 379 1040 80 2365 380 1293 1217 161 0.265 97.74
053 7.08 0.30 245 653 109 1340 315 803 848 219 0.156 100.30
054 7J28 1.86 331 881 181 1820 397 1202 839 458 0.187 76.88
055 7.48 2.06 298 582 78 2398 301 825 535 165 0.197 118.06
056 7.95 5.02 453 358 40 4603 131 421 276 350 0.027 30.47
057 7.77 2.28 303 587 80 2385 171 558 454 313 0.095 394.73
058 7.01 0.40 208 782 63 1173 118 888 522 0 0.301 54.42
059 6.87 020 177 612 59 823 170 691 527 26 0.137 111.41
060 751 1.90 558 1210 211 3420 794 1142 2319 1084 0.340 115.35
061 7.97 4.18 422 501 72 3835 251 605 873 16 0.172 50.78
062 753 2.16 304 1015 81 1648 334 1039 596 48 0.159 79.33
063 6.31 0.07 253 691 98 1218 430 783 615 319 0.121 27.12
064 7.62 1.82 370 1030 102 2210 375 985 986 194 0.100 62.63
065 7.46 1.94 393 1418 143 2140 371 1101 1239 136 0.137 708.98
066 7.06 0.58 298 826 121 1965 344 933 1224 150 0.158 132.68
067 7.50 1.96 303 718 109 2263 393 843 1162 307 0.150 56.53
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Site
code

pH Alkalinify 
meq 1'*

Cond 
pS cm *

Na*
lieqr*

K*
jieqr*

Ca**
lieqr*

Mg**
Mcql*

a  
M®q *■'

S O /
Heqr*

NO,-
lieqr*

Aba- . 
250nm

TP
Pgl*

067a 6.95 0.65 221 617 56 1570 258 709 823 94 0.174 210.73
068 6.71 023 109 315 67 783 114 427 251 0 0222 57.56
069 7.66 4.68 352 1082 102 2503 388 1018 394 22 0211 113.05
070 7.33 222 359 1341 114 1925 460 1322 864 49 0.121 78.75
071 7.35 1.82 357 922 157 2253 612 992 1283 356 0.107 26.10
072 7.69 3.72 427 1208 378 2740 585 1447 193 33 0208 48.95
073 7.16 1.46 329 1016 148 1928 521 945 1458 0 0.151 31.05
074 7.00 0.33 263 935 74 1448 407 1078 716 174 0.101 14.67
075 7.86 6.16 1146 5200 875 4370 1576 6621 1883 66 0.318 329
076 8.13 6.62 495 690 70 5198 380 763 611 103 0.053 18.10
077 7.58 4.06 396 682 160 3175 384 884 380 0 0249 102.67
078 7.80 528 687 1597 169 6275 325 1223 1221 807 0.115 777.14
079 8.09 3.44 361 703 70 3313 276 735 817 30 0.074 21.90
080 7.69 2.84 497 1354 146 3708 524 1170 1422 615 0.134 527.62
081 7.85 5.80 746 977 138 7243 421 1187 1650 366 0.100 162.48
082 8.05 3.72 451 526 164 3983 252 677 981 85 0.134 36.38
083 7.16 128 346 1089 159 1608 426 1123 1143 60 0.144 29.62
084 7.37 1.88 582 1047 181 2998 1785 1011 2966 441 0286 42.10
085 722 1.68 735 2692 159 2663 1736 3037 3002 65 0291 20.38
086 8.14 7.52 1214 4390 640 3688 3770 3029 4557 0 0.364 21.52
087 7.99 6.36 1217 3645 282 7810 2245 2769 4548 891 0.051 88.00
088 8.00 824 1293 3075 3310 4500 1840 3706 2432 219 0.733 1079.0
089 7.42 6.16 1265 4140 635 6050 2150 3381 4915 694 0252 1123.1
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Site
code

pH Alkalinity 
meq 1*‘

Cond 
pS cm'*

Nm*
lieql*

K
p®q

Cm** 
|ieq r*

Mg**
M®q

a
Mcqr*

SO4-
Mcql*

NO,'
jieql*

Abs-
250nm

TP
M«1‘

090 7.68 7.06 752 697 830 6065 742 861 1584 163 0287 443.68
091 7.68 3.44 736 1537 225 4085 1738 1739 2508 719 0239 107.39
092 7.40 6.11 1233 88950 2280 10150 20710 114236 11055 345 0.394 276.02
093 7.62 3.16 588 1561 127 3218 1681 2170 1728 90 0.148 27.48
094 7.58 3.44 1061 2136 545 6290 3185 3344 2549 1370 0200 125.64
095 729 1.78 661 1872 181 3178 1313 2223 2939 335 0.118 80.10
096 7.38 226 664 588 162 6670 600 1003 1419 1002 0261 40.64
097 7.41 2.42 541 1204 214 3328 774 2079 4183 1533 0257 140.56
097m 7.41 5.38 1254 3705 875 6540 1875 1023 1259 141 0.155 679.26
098 8.01 5.52 808 708 102 7823 484 796 1822 535 0.126 94.23
099 825 5.04 692 640 89 6908 281 1051 1894 633 0.112 66.94
100 8.01 6.48 805 796 71 8065 435 547 539 20 0.100 29.45
101 6.93 0.48 193 399 177 793 230 874 1502 218 0276 36.71
102 8.02 424 591 713 107 5238 436 6062 8532 16 0.090 24.74
103 8.27 3.70 1552 6695 549 6493 2440 1233 5135 410 0.100 8.83
104 7.52 4.74 801 524 282 7993 316 525 1611 680 0249 163.53
105 8.09 3.46 421 424 34 3673 200 934 1473 1165 0.122 12.17
106 8.03 426 603 478 72 6028 234 1025 2084 1288 0.170 65.77
107 8.14 5.08 686 590 62 7083 294 961 2031 1201 0.125 107.58
108 7.64 520 577 438 22 6020 276 695 1020 980 0.015 6.83
109 7.93 2.54 576 1632 454 3175 510 1810 1851 54 0.066 36.49
110 8.09 2.42 393 630 56 3080 328 1208 1262 131 0.072 11.51
111 7.95 2.50 476 782 118 3353 576 1389 2235 73 0.107 19.51
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Site
code

pH Alkalinity 
meq 1'

Cond 
pS cm'*

Na*
peqi*

K
peqr*

Ca** 
peq r*

Mg**
peql-*

a
peq r*

SO4-
peql*

NO,'
peql*

Aba-
250nm

TP
M g:'

112 7.96 422 908 1492 106 8548 982 1341 5803 90 0.133 51.32

113 7.85 3.14 517 718 134 4343 420 1012 2268 20 0.076 68.49
114 7.96 4.16 673 400 20 6828 640 504 2345 1932 0.172 11.12

115 8.03 5.52 768 734 98 8143 586 1249 3603 1149 0.179 64.59

116 7.59 4.08 718 696 120 7075 574 1015 3075 1147 0287 113.76
117 7.77 5.70 536 298 72 6085 210 536 809 338 0.048 224.98
118 7.91 5.92 607 564 60 6275 224 700 749 537 0.037 53.07
119 8.03 5.02 662 682 164 6795 334 892 1761 557 0209 34.14

120 A7A 638 1028 - 6223 202 26.34 6831 0-084 472.20
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APPENDIX ONE

Appendix 1.2 Dendrogram of water chemistry data for 123 sites
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Appendix 1.2 continued
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Appendix 1.2 continued
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APPENDIX TWO

Site descriptions and surface sediment characteristics 

for the training set sites

The following descriptions include brief details about the sites and their catchments. Details 
regarding the surface sediment characteristics are also given (DW = % dry weight; LOI = % loss 
on ignition; sediment description follows the Troels-Smith classification; and colour description 
follows the Munsell Colour Chart classification system).
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ELEVEN ACRE LAKE (SITE 4)
Refer to Chapter 8 for a full description of this site.

A short 0.3 m Kajak core was extracted from the deepest point in the pond, towards its centre 
at a water depth of 2.9 m. A sediment depth of 1.5 m was recorded at this point. The surface 
sediment is soft and reasonably high in organic matter with traces of calcareous material. The 
colour is a very daik greyish brown at the surface and becomes lighter with sediment depth. The 
sediment is more organic at the surface.
DW = 18.61% LOI = 24.91%
2Ld ILso IDh Ag+ Lc+ 
lOYR 3/2

GRENDON QUARTER POND (SITE 7)
Grendon (Quarter Pond (NOR SP 869602) is situated in a parkland area in Castle Ashby, 
Northamptonshire at an altitude of 55 m. The pond and neighbouring grounds are the property 
of The Compton Estates but are open to the public for walking and coarse fishing. The origin 
of this water body has not been established and there is no information available regarding 
disturbance. The pond has been artificially constructed as it has a concrete bed and occupies 3 
ha. It is fed from a surface inflow via two upper ponds and there is a surface outflow at the 
north-east, which forms a tributary of the River Nene. The pond is shallow and flat-bottomed 
with a mean water depth of 1 m and a maximum depth of 1.2 m. The pond is slightly shallower 
at the inflow and Carex species are abundant here. The pond supports the submerged 
macrophyte, Ceratophyllum demersum, and in the shallower areas blanket weed covers the pond 
bed. Tliis site also supports large numbers of zooplankton and wildfowl.

The site lies on Upper Lias of the Jurassic period and is classified as having no susceptibility 
to acid deposition. The drift geology maps show no evidence of deposits at the specific site, 
although there are local river terrain deposits (sand and gravel). The catchment is in an area of 
low relief and is gently sloping with a maximum altitude of approximately 110 m. The 
catchment is large but difficult to define. The land-use is predominantly arable farming (70%), 
with mixed woodland (mainly deciduous) constituting approximately 30% of the total.

A short 0.25 m Kajak core was taken in 0.85 m of water towards the centre of the pond. A 
sediment depth of 0.7 m was recorded at this point. The surface sediment is very soft, dark 
brown and organic with some shell fragments. The pond has a concrete bed.
DW = 25.03% LOI = 12.14%
3Ld lAs lAg Dh+ Lso+ Lc+ 
lOYR 3/3

ABBEY LAKE (SITE 31)
Abbey Lake (NOR SP 844199) is situated in the private grounds of The Abbey, Aston Abbots 
in Buckinghamshire at an altitude of 135 m. The pond is used for ornamental purposes and as 
a fish pond, and is thought to be over 100 years old. However, the present owners are uncertain 
of its origin. It is also known locally as "The Moat". The pond is circular with two small 
deciduous wooded islands and occupies 0.4 ha. The pond is fed by a surface inflow and there 
is a surface outflow to the south under the road, which forms a tributary of the River Thame. 
The southern side of the pond runs along a road and has therefore been dammed. The pond is 
very shallow, measuring a maximum water depth of 1.2 m at the dam and gradually becoming 
shallower towards the centre, where the average water depth is 1 m. The pond continues to 
become shallower towards the inflow, where recorded depths are less than 1 m. The pond 
supports water lillies in the shallower, oxygenated parts and blanket weed is abundant over most
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of the pond bed. The water is brownish and malodorous, probably due to decaying leaf material. 
No distuibance events are known at present, although there is the possibility diat there has been 
leakage from a local septic tank. However, all sewage effluent is diverted into a separate ditch 
and is not expected to enter the pond.

The site lies on the Gault clay of the Lower Cretaceous period, classified as having no 
susceptibility to acid deposition. There are no drift deposits. The catchment is small and is in 
an area of low relief with a maximum altitude of 138 m. The land-use is 90% arable farming, 
the remainder comprising of two small copses of deciduous trees and the residential buildings 
of Aston Abbots village. The pond is surrounded by over-hanging deciduous trees, which 
significantly shade it from light

A short 0.2 m Kajak core was taken from the deepest part of the pond in 1.1 m of water. The 
surface sediment is highly organic and is very daik greyish brown in colour.
DW = 12.0% LOI = 25.66%
3Ld IDh Lso++ Lc+ Ag+ 
lOYR 3/2

FLEET POND (SITE 34)
Fleet Pond (NOR SU 820550) is situated on the northern outskirts of the town of Fleet in 
Hampshire, at an altitude of 70 m. The pond is thought to be around 1000 years old, although 
a number of ideas exist regarding its origin. These include through peat or gravel extraction, or 
by damming the water course. From 1650 to the early nineteenth century it is known to have 
supplied The Dean and Chapter of Winchester with fish. During the Second World War the pond 
was drained and in 1972 was purchased from the Ministry of Defence by Hart District Council 
and has been given Nature Reserve status by the Nature Conservancy Council. Since 1972 
dredging has taken place at the mouths of the Gelvert and Brookley Streams only, which are the 
two surface inflows, one at the south-east and the other at the south-west of the pond. There is 
a surface outflow at the north which passes under the railway line and a road, before joining the 
River Hart. The pond occupies 27 ha. It is very shallow with a flat bottom. Water depth 
fluctuates between 0.8 m and 1 m across the whole pond area. The water is brownish in colour. 
There are no evident macrophytes in the central area of the pond but marginal sedge vegetation 
is extensive. The water body supports wildfowl and fish populations.

The site lies on the Bagshot Beds of the Palaeogene, an area classified as having medium 
susceptibility to acid deposition. There are no drift deposits. The catchment is difficult to define 
but is quite large and gently sloping, in an area of low relief with a maximum altitude of 180 
m. The land-use is approximately 50% urban and 40% mixed woodland with the remainder 
comprising scattered arable farms. Other notable features are the road and railway line at the 
northern edge of the pond and the close proximity to the M3 motorway. There is also a sewage 
works in the catchment.

A short 0.2 m core was taken by hand from the centre of the pond in 0.9 m of water. The 
surface sediment is organic, unconsolidated and dark brown in colour. The clay content and 
herbaceous detritus increase down the core and there is a marked change to a paler greyer colour 
at 0.07 m. The pond bed is a clay-based soil.
DW = 13.38% LOI = 17.27%
2Ld IDh lAg Lso+ Ga+ 
lOYR 3/3

367



HAMMER POND (SITE 37)
Hammer Pond (NGR SU 915402) is situated on Thursley National Nature Reserve, part of a 
large area of heath, bog and woodland in south-west Surrey, owned by the Nature Conservancy 
Council (now English Nature). It is at an altitude of 70 m. The water body was originally a 
monastery fish pond and was later used as a steam-hammer pond, along with the other ponds 
which form a string in this area. The cmly record of disturbance is weed clearance in 1978. The 
Nature Reserve is open to the public for walking and horse-riding. Hammer Pond occupies 1.1 
ha and is elongated. It has (xie surface inflow which enters the pond after passing under the 
A3(T) main road to the south. There are three small stream outflows at the northern end of the 
pond. The pond is shallow and flat-bottomed with a mean water depth of 1.2 m. Much of the 
northern and central areas are 1.5 m deep and then the water gradually becomes shallower 
towards the inflow in the south, where the depth is only 0.8 m. There is also a deeper, narrow 
channel of 2 m, running along the length of the pond on the eastern side. The water is brownish. 
Marginal sedges and blanket weed are abundant.

The site lies on the Lower Greensands of the Lower Cretaceous period, an area classified as 
having medium susceptibility to acid deposition. There are no drift deposits. The catchment is 
in an area of low relief with a maximum altitude of approximately 200 m. The land-use in the 
catchment is approximately 50% mixed woodland, 25% scrub and 25% bog. There are a small 
number of scattered arable farms and a sewage woiks in the catchment.

A short 0.12 m core was taken by hand in 0.8 m of water. The surface sediment is organic and 
veiy dark greyish brown. Chironomid tubes are present at the sediment-water interface. The 
sediment colour becomes blacker at a depth of 0.04 m but there is a more marked change at 0.08 
m as the organic content decreases, the clay content increases and the sediment becomes more 
consolidated. There are no organics present below 0.12 m. The clayey sediment extends from 
0.12 m down the core to the pond bed at a depth of 0.5 m.
DW = 16.96% LOI = 12.76%
2Ld 2Lso Dh+ Lc+ Ag+ 
lOYR 3/2

FRENSHAM LITTLE POND (SITE 42)
Frensham Little Pond (NGR SU 860415) is situated on Frensham Common in Surrey, at an 
altitude of 60 m. The pond is thought to have been constructed in 1245-1246, as one of a series 
of fishponds for the Bishop of Winchester. In the Middle Ages, fresh fish was taken from these 
specially constructed fishponds as a luxury food. Today the pond and its surrounding 
commonland are managed by the National Trust, and are used for recreational purposes and the 
south-east basin is managed as a Nature Reserve. The pond is large, occupying 21 ha. There is 
no surface inflow but there is a dam and a surface outflow at the northern end of the water body. 
The pond has a flat bed and a mean depth of 1.5 m, with a maximum depth of 1.7m. The pond 
supports few aquatic macrophytes, although Elodea canadensis, Myriophyllum and Potamogeton 
obtusifiilius have been recorded. There are well developed fringing reedbeds of Fhragmites and 
also Carex acutiformis and lypha latifolia in the south-east basin. A large colony of the rare 
Natterjack toad, Bufo calamita, was formerly supported at this site but none have been recorded 
since the 1960s.

The site lies on the Folkestone Beds and the geology is classified as having medium 
susceptibility to acid deposition. There are no drift deposits and soils are dominated by humo- 
ferric podzols. Bare sand occurs locally near the pondshore. The catchment is difficult to define 
but is gently sloping, in an area of low relief, with a maximum altitude of 90 m. The land-use 
is approximately 60% mixed woodland (mainly pine and birch) and 40% heathland (mainly
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Caîluna vulgaris and Erica cinerea).

A short 0.1 m Kajak ca*e was taken in 1.5 m of water, towards the centre of the pond. Tlie 
surface sediment is a veiy daik brown organic clay. The clay content increases down the core. 
DW = 15.5% LOI = 17.6%
2Ld lAg ILso Dh+ 
lOYR 2/2

ABBOTTS WOOD LAKE (SITE 50)
Abbotts Wood Lake (NGR TQ 568078) is situated in Abbotts Wood, Wilmington in East Sussex 
at an altitude of 18 m. It is of unknown origin but is now owned by the Forestry Commission 
and is used by the Hailsham Angling Club for private fishing. The pond and its surrounding 
woodland are open to the public for walking and horse-riding. The pond occupies 1.1 ha and is 
elongated. It has a surface inflow to the south-east and is dammed at the north where a surface 
stream flows out to the Cuckmere River. The pond is shallow, with a maximum water depth of 
1.8 m at the dam and then gradually becomes shallower towards the centre where the mean 
depth is 0.9 m. The marginal areas support abundant Juncus and Carex species. The pond has 
two artificial islands which support deciduous trees. Other macrophytes include water lillies in 
the shallower parts. The water is brownish in colour. There is no record of distuibance to the 
water body. The pond supports both fish and wildfowl populations.

The site lies on Weald Clay of the Lower Cretaceous period, an area classified as having no 
susceptibility to acid deposition. There are no drift deposits. The catchment is small and is in 
an area of low relief with a maximum altitude of 42 m. The land-use is predominantly mixed 
woodland, managed by the Forestry Commission, with just a few small arable farms scattered 
throughout the catchment.

A short 0.07 m Kajak core was taken in 0.9 m of water towards the centre of the pond. The 
surface sediment is a flocculant organic clay and is daik yellowish brown in colour. The 
sediment is daiker in colour and more consolidated further down the core. The pond has a clay 
bed.
DW = 13.73 % LOI = 17.74%
2Ld ILso lAg Dh+ Ga+ 
lOYR 3/4

CINDER HILL LAKE (SITE 53)
Cinder Hill Lake (NGR TQ 380289) is situated to the north of Horsted Keynes in West Sussex, 
at an altitude of 55 m. The pond was originally used as a hammer pond and is the lowermost 
pond of a series, which begin to the north. The original mill house and mill race still exist today. 
The pond is now privately owned and is fished by an angling society. There is also an eel-trap 
at the outflow. The pond is not open to the public, although a public footpath skirts around it. 
The pond occupies 1.9 ha. The water source is from an upper pond via a surface inflow and the 
outflow stream is at the south of the pond where a dam and waterfall have been constructed. 
This stream forms a tributary of the River Ouse. The pond is shallow and flat-bottomed with a 
mean water depth of 1.2 m. A deeper channel has been constructed where the water depth 
measures 2 m. There is no evidence that the pond has ever been disturbed. The water is 
brownish in colour. Marginal vegetation is well established and extensive around much of the 
pond, especially towards the inflow where there is a dense reed bed. Submerged and emergent 
macrophytes were never observed. The pond supports wildfowl and fish populations.
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The site lies on the Hastings Beds of the Lower Cretaceous period, an area classified as having 
medium susceptibility to acid deposition. There are no drift deposits. The catchment is in an area 
of low relief and is gently sloping, with a maximum altitude of 120 m. The land-use is varied. 
Approximate percentages of type are 20% arable, 20% mixed woodland, 20% water bodies, 15% 
dairy farming, 15% urban, 10% orchards. The pond is surrounded by deciduous woodland.

A short 0.3 m Kajak core was taken from the centre of the paid in 1.3 m of water. The surface 
sediment is flocculant and organic, and is dark yellowish brown in colour. The clay content and 
percentage of herbaceous detritus increase down the core. The clay bed is reached at a depth of 
0.3m.
DW = 18.04% LOI = 9.57%
2Ld 2Ag Lso++ Dh+ Ga+ 
lOYR 3/4

ALBURY MILL POND (SITE 57)
Albury Mill Pond (NGR TQ 040479) is situated at Albury Mill, Chilworth in Surrey, at an 
altitude of 52 m. The pond was originally a mill pond and the old mill race still exists today. 
It is thought to be approximately 150 years old. However, the pond no longer serves this 
function and is now ornamental. The pond is very small, occupying only 0.7 ha. There is no 
surface inflow and the northern side is dammed in order to act as a top-up for the neighbouring 
trout farm pool. The water from the trout farm does not enter the pond at any point. There is 
a surface outflow to the west, which forms a tributary of the River Wye. The pond is extremely 
shallow and flat-bottomed, with a mean water depth of 0.5 m, and a maximum depth of 0.7 m. 
There is very little variation in water depth across the pond, although the highest measured 
depths were towards the outflow in the west. There are no records of distuibance. The water is 
brown and high in suspended solids. The water is known to be high in nutrients and this is 
supported by the appearance of blooms of an orange bacteria in the summer months. Marginal 
vegetation is dense and the site is surrounded by deciduous trees, mainly oak, alder, and birch. 
The pond supports wildfowl populations.

The site lies on the Gault Clay of the Lower Cretaceous period. This area is classified as having 
medium susceptibility to acid deposition because much of the area is on the base-poor Upper 
Greensands. However, this site lies just 500 m to the south of the chalk ridge of the North 
Downs. There are no drift deposits. The catchment is relatively steep sloping for the south-east 
region, with a maximum altitude of approximately 150 m. The land-use is varied: 50% 
agriculture (arable/dairy), 30% mixed woodland, and 20% urban. There are a small number of 
other ponds in the locality.

A short 0.2 m core was taken by hand from the centre of the pond in 0.5 m of water. The 
surface sediment is very dark brown and organic and is very flocculant. There is a maiked 
change at 0.15 m down the core as the clay content begins to increase and percentage of 
herbaceous detritus increases. Total sediment depth is estimated to be 2.5 to 3 m.
DW = 19.12% LOI = 30.92%
2Ld IDh lAg Lsof Ga+ Gs+ 
lOYR 2/2

SHORTHEATH POND (SITE 58)
Shortheath Paid (NGR SU 775368) is situated on Shortheath Common, Bordon in Hampshire, 
at an altitude of 73 m. The origin of this pond is unknown but it is now the property of the 
Ministry of Defence, along with the surrounding commonland. Shortheath Common, including 
the pond, has been designated a Site of Special Scientific Interest (SSSI). The pond is also used
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for fishing by a local angling club. The pond occupies 1 ha. There is no inflow. The water 
source is from direct precipitaticKi and run-off only. There is a surface outflow at the southern 
end, which flows into Oakhanger Stream. The pond is shallow, with a mean water depth of 1.5 
m. The deepest part is along the eastern side, where the maximum depth is 2.2 m. There is also 
a channel along this edge, where water depths are 2 m. A large artificial island has been 
constructed in the centre of the pond and to Âe western side of this the water depths gradually 
become shallower from 1.5 m near to the island to 1 m at the margins. A chalk causeway was 
introduced along the southern side of the pond across the outflow, in the early 1970s, in an 
attempt to raise the pH of the water. This area is shallower than the rest of the pond and has 
silted-up substantially to form a marsh area. The only other known disturbance to have occurred 
is the excavation of the deeper eastern margins of the pond in the late 1980s. This was carried 
out for conservation purposes but the project was later abandoned. The pond supports a wide 
variety of macrophytes. Water lillies are abundant across the pond. Equisetum species occupy 
the island and sedges are extensive in the marginal zones. The pond is surrounded by deciduous 
woodland, predominantly birch. Fish, including perch, carp and pike, and wildfowl populations 
are supported.

The site lies on the Lower Greensands of the Lower Cretaceous period, an area classified as 
having medium susceptibility to acid deposition. There is no drift geology. The catchment is 
difficult to define but lies in an area of low relief with a maximum altitude of 90 m. The land- 
use is approximately 50% agriculture, 25% scrubland and bog, 15% deciduous woodland and 
10% urban.

A short 0.12 m Kajak core was taken in 1.2 m of water. The surface sediment is organic and 
unconsolidated and is very dark brown in colour. The organics only extend to a depdi of 0.12 
m down the core. Below this depth, the sediment becomes more consolidated and has a 
considerable sand content.
DW = 3.78% LOI = 55.0%
2Ld ILso IDh 
lOYR 2/2

WIREMILL LAKE (SITE 65)
Wiremill Lake (NGR TQ 367417) is situated to the south of Newchapel village in East Sussex, 
at an altitude of 60 m. The wigin is unknown, although the name suggests that it may have been 
a mill pond. The pond is now used for recreation purposes. A water ski ing club have the rights 
to the pond and have placed a ramp and marker buoys in the central area and a jetty next to a 
car parking area. The pond is also privately fished and there is a public footpath around the edge 
of the site. Wiremill Lake is rectangular and occupies 3.5 ha. It has a surface inflow at the south
east comer. This water course also feeds two upper ponds to the south-west. The outflow is at 
the north and passes under the road to form Eden Brook. The pond is shallow and flat-bottomed 
with a mean water depth of 1.5 m, and a maximum depth of 1.7 m. The water level seems to 
have been lowered recently and an embankment has been constructed along the north and west 
sides of the pond. There are no evident submerged or emergent aquatic macrophytes, other than 
extensive r ^  bed development along the eastern margins, where the water is shallower. The 
pond is surrounded by deciduous woodland in the south and east.

The site lies on the Hastings Beds of the Lower Cretaceous period, an area classified as having 
medium susceptibility to acid deposition. There are no drift deposits. The catchment is difficult 
to define but lies in an area of low relief with a maximum altitude of 80 m. The land-use is 
predominantly (80%) arable farming with some dairy farming. Deciduous woodland constitutes 
approximately 10% and the remainder is urban. A lane runs along the northern side of the pond
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with a number of residences and a public house along it  There is also a sewage worics in the 
catchment.

A short 0.1 m Kajak core was taken in 1.5 m of water towards the eastern side of the pond. The 
surface sediment is flocculant organic clay and is dark brown in colour. At a depth of 0.05 m 
the organic content decreases significantly and the sediment is a clay soil with a pale greyish 
colour. The pond bed is reached at 0.1 m.
DW = 16.94% LOI = 16.09%
ILd IDh ILc lAg Lso+ Ga+ 
lOYR 3/3

HARTWELL POND (SITE 69)
Hartwell Pond (NGR TQ 481366) is situated approximately 0.5 km north of Hartfield village 
in East Sussex, at an altitude of 50 m. The origin is not known. The pond is currently used for 
private fishing. The pond is the smallest in the data-set and is circular, occupying only 0.1 ha. 
There is no surface inflow or outflow and the only water sources appear to be ̂ rect precipitation 
and run-off. The pond is relatively deep with a single basin and a maximum water depth of 3.1 
m in the centre. The mean depth is 2.3 m and the margins are as shallow as 0.3 m. There is 
evidence that the water level may have been artificially raised as there are well established oak 
trees at the pcmd edge and such trees do not naturally grow at the water’s edge. The pond is 
surrounded by deciduous trees, which significantly shade it and result in debris and decaying leaf 
matter across the water surface.

The site lies on the Hastings Beds of the Lower Cretaceous period, an area classified as having 
medium susceptibility to acid deposition. There are no drift deposits. The catchment is difficult 
to define but lies in an area of low relief with a maximum altitude of 100 m. The land-use is 
approximately 90% arable farming, 5% scattered copses of deciduous trees and 5% uiban (in the 
form of dispersed farms).

A short 0.15 m Kajak core was taken in the deepest part of the pond at a water depth of 3.1 m. 
The total sediment depth at this point is approximately 1 m. The surface sediment is a very dark 
brown organic mud and is very flocculant. A marked leaf layer appears at 0.05-0.07 m down the 
core.
DW = 16.43% LOI = 32.08%
2Ld IDh lAg Lsof+ Ga+ 
lOYR 2/2

SISSINGHURST LAKE (SITE 73)
Sissinghurst Lake (NGR TQ 809384) is situated in the National Trust grounds of Sissinghurst 
Castle in Kent, at an altitude of 80 m. The pond is of 1930s origin and is a clay pit, which was 
used few building stone, and was left to fill up naturally. There is a lower pond of the same 
origin, which has dried out since the dam on the outflow burst approximately ten years ago. The 
pond and the Castle grounds are open to the public for walking. The National Trust are planning 
to dredge the pond in the near future and allow it to refill naturally because it is deteriorating 
in its appearance and its odour. The pond is small and occupies 0.4 ha. Its water source is from 
a dammed stream which enters at the west, and the outflow in the east has been dammed to 
maintain the water level. The pond is shallow with a mean depth of 0.7 m. The deepest water 
is towards the dam, where the maximum depth recorded was 1 m. The central part of the pond 
has a uniform depth of 0.7 m and then depths gradually decrease towards the inflow where 
sediment accumulation has occurred. There is a gravel-based island in the centre of the pond 
which has significantly reduced the pond size. The gravels used for its construction contained
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the roots of rushes which took hold and gradually extended and increased the speed of the 
silting-up process. It is thought that the site is now half its original size. However, there are no 
records of disturbance to the sediment in the central part of the pcxid. The water is brownish. A 
local sewage works opened in the 1950s and is thought to have IW to water quality deterioration. 
A poorly managed cess pool from a neighbouring farm, just upstream from the inflow, is another 
potential source of nutrients. The pond supports Potamogeton and Manyanthes species, and 
marginal rushes are extensive, particularly near to the inflow. The pond also supports fish and 
wildfowl populations.

The site lies on the Hastings Beds of the Lower Cretaceous period, an area classified as having 
medium susceptibility to acid deposition. There are no drift deposits. The catchment is difficult 
to define but lies in an area of low relief with a maximum altitude of 80 m. The land-use is 
approximately 50% agriculture, 40% deciduous woodland, 5% orchards and 5% urban (in the 
fcxm of scattered farms and residences). The pond itself is bordered by deciduous woodland to 
the east and south, including oak, beech, willow, maple and poplar. The northern side is 
bordered by a clover meadow.

A short 0.1 m core was taken by hand in 0.7 m of water. The surface sediment is a flocculant 
organic mud and is a very dark greyish brown colour. The silt content increases down the core. 
DW = 10.56% LOI = 29.03%
3Ld lAs Ag+ Dh+ Lso+ 
lOYR 3/2

FARTHINGS LAKE (SITE 74)
Farthings Lake (NGR TQ 735147) is situated approximately 1 km to the south-west of Battle, 
East Sussex at an altitude of 38 m. The exact date of origin is unknown but it is thought to be 
several hundred years old. The pond may be even older, as it is situated in what were once the 
Battle Abbey grounds and therefore it could have served as a stock pond for the monastery. 
However, it is known that the pond functioned as a powdermill pond in the eighteenth century. 
There are three other powdermill ponds in the area, New Pond, Powdermill Lake and Peppering 
Pond. The pond is now owned by a private syndicate, who use the water for fish breeding and 
angling. Carp, roach, perch and a number of smaller fish all thrive in the pond. There is a 
public footpath along die eastern side of the site but the public do not have access to the pond 
itself. The pond occupies 1.3 ha, although it was once about twice its present size and has 
gradually silted up. It has two surface inflows, which enter in the west and one outflow stream, 
which feeds into Powdermill Lake. This eastern side has been dammed and the bridge over the 
outflow forms the public footpath. The pond is shallow with a mean depth of 1.9 m, and gently 
slopes from a maximum water depth of 2.2 m at the dam, to 1.8 m in the centre, to less than 
1.5 m towards the inflow. At this shallow end, water lillies and sedges are abundant. The water 
is slightly brownish in colour. The only reported artificial disturbance to the pond is some 
trenching at the shallow end.

The site lies on the Hastings Beds of the Lower Cretaceous period, an area classified as having 
medium susceptibility to acid deposition. There are no drift deposits. The catchment is difficult 
to define but lies in an area of low relief with a maximum altitude of 80 m. The land-use is 50% 
mixed woodland, 40% agriculture, and 10% urban (scattered farm buildings and residences). The 
pond is surrounded by deciduous woodland, although there has been some cutting back of the 
trees.

A short 0.20 m Kajak core was taken towards the centre of the pond in 2.0 m of water. The 
surface sediment is a dark brown organic clay.
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DW = 22.28% LOI = 14.29%
2Ld 2Ag Lso+ Lc+ Ga+ 
lOYR 3/3

BEACHBOROUGH LAKE (SITE 76)
Beachborough Lake (NGR TR 172377) is situated in the private grounds of Beachborough Park, 
approximately 3 km north of Hythe in Kent, at an altitude of 63 m. The pond was originally a 
carp stock pond to provide the Hall with food. The site is now used for private fishing. The 
pond is small, occupying only 0.9 ha. There is no surface inflow. The water source is from direct 
precipitation and run-off only. There are a number of inflow pipes to channel the run-off into 
the pond. A recent concrete outflow channel has been constructed at the southern end. This 
fcwms a drainage channel across the neighbouring fields. The water is shallow and the pond has 
a flat bed, with an even water depth of 1.1 m across the whole water body. Unfortunately, much 
of the pond has been disturbed in recent years. The banks have been strengthened, resulting in 
substantial in-wash of soil. There has been weed clearance and raking in the marginal areas. The 
pond supports water lillies.

The site lies on the Gault Clay beds of the Lower Cretaceous period, an area classified as having 
low susceptibility to acid deposition. There are no drift deposits. The pond has a small, steep 
catchment, with a maximum altitude of 180 m. It lies just to the south of the North Downs 
escarpment. The land-use is predominantly arable farming (60%). The pond is surrounded by 
arable fields which are a potential source of nutrients. There is approximately 10% sheep 
farming, 10% urban and 20% deciduous woodland, some of which surrounds the pond. The site 
is in close proximity to the M20 motorway and two other main roads.

A short 0.15 m Kajak core was taken from the centre of the pond in 1.1 m of water. The surface 
sediment is an unconsolidated, very dark greyish brown organic clay. The colour and 
composition changes at 0.1 m down the core to a yellowish-clay.
DW = 18.89% LOI = 14.29%
2As lAg ILd Lso+ Ga+
2.5Y 3/2

NORTH POOL (SITE 79)
North Pool (NGR TR 012628) is situated at Marsh Works in Faversham, Kent, at an altitude of 
3 m. The site is owned by Brett Gravel Limited and is one of a series of gravel pits in the area. 
North Pool is the oldest of the group and was constructed in 1934. It was originally built to 
supply water to the plant and served this function until 1980. It is now ornamental and is 
privately fished. The pool occupies 0.7 ha. It is topped up from a nearby freshwater supply and 
from the larger upper pit. There is no outflow. The pool has two main basins, both with a 
maximum water depth of 2.4 m. The water depth increases from less than 1 m at the margins 
to 2 m, in a horizontal distance of only 0.5 m. The area between the two basins is flat and 
shallow, with a depth of 0.8 m. There has been some dredging work on the northern margins 
only, which occurred about 12 to 14 years ago. There has also been some weed clearance around 
the edges during the last few years. The deeper parts of the water body are undisturbed. The 
pool supports water lillies and there are extensive sedges and bulrushes in the marginal areas. 
The pool is surrounded by deciduous trees.

The site lies on the Thanet Beds of the Palaeogene, an area classified as having no susceptibility 
to acid deposition. The drift deposits are brickearth, mainly loess. The catchment is difficult to 
define but lies in an area of low relief with a maximum altitude of 30 m. The land-use is 
approximately 60% agriculture, 20% urban, 10% coppiced deciduous woodland, and 10%
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extraction (other gravel pits). The site may be influenced by its close proximity to the Swale 
estuary and the surrounding marshlands.

A short 0.35 m Kajak core was taken from the deepest part of the pond in 2.4 m of water. The 
surface sediment is a dark yellowish brown, unconsolidated organic clay. The clay content 
increases down the core, although there is no marked change in colour.
DW = 16.61% LOI = 15.93%
2Ld 2Ag Lso+ Dh+ Ga+ 
lOYR 4/4

LOWER ST. CLERE LAKE (SITE 82)
Lower St. Clere Lake (NGR TQ 578587) is situated in the grounds of a private estate at 
Kemsing, near Sevenoaks in Kent, at an altitude of 120 m. The exact origin is unknown, but it 
is thought to have been constructed for ornamental purposes and as a fish stock pond. A large 
ornamental pavilion towards the southern end of the pond lends support to this theory. The pond 
serves these same functions today and now has a trout stock. The pond occupies 0.5 ha. It is fed 
by a spring and has an outflow pipe. The water body is shallow with a single basin and a 
maximum water depth of 1.7 m in the centre. The mean depth is approximately 1.2 m. The only 
known disturbance to the pond was in 1976, when the water lillies were removed and the 
chemical 'Clarosan' was used to reduce the dense growths of Canadian pondweed.

The site lies on chalk of the Cretaceous period, an area classified as having no susceptibility to 
acid deposition. There are no drift deposits. The catchment is difficult to define but the site lies 
a the base of the North Downs chalk escarpment where the maximum altitude is 235 m. The 
land-use is predominantly agriculture, occupying approximately 80%, with 10% deciduous 
woodland, most of which surrounds the pond, 5% ornamental parkland and 5% urban (in the 
form of large estate buildings and villages).

A short 0.25 m Kajak core was taken from the deepest part of the pond in 1.6 m of water. The 
total sediment depth at this point is 0.65 m. The surface sediment is a flocculant, dark brown, 
organic clay. The sediment is more consolidated lower in the core as clay content increases. 
DW = 25.47% LOI = 16.07%
2As ILd lAg Lso+ Dh+ 
lOYR 3/3

BOLDERMERE (SITE 83)
Boldermere (NGR TQ 075585) is situated in an area of deciduous woodland and heathland, 
known as Wisley Common in Surrey, at an altitude of 28 m. This area is open to the public for 
walking and picnicking and is managed as a Site of Special Scientific Interest Nature Reserve 
area by Surrey County Council. The pond occupies 2.7 ha. There is a surface inflow at the west 
side and an outflow at the eastern side which flows under the main A3 trunk road. The pond is 
very shallow with a mean water depth of approximately 0.7 m, and the water is brown in colour. 
The deepest water occurs towards the outflow near to an artificial small deciduous island, where 
a maximum depth of 0.8 m was recorded. Some dredging work is thought to have been 
undertaken in 1947 or 1948. The pond was also subject to "brushing" during the Second World 
War, when its surface was covered with brushwood to prevent its identification by enemy 
aircraft. The pond presently supports Myriophyllum, Juncus and Carex species.

The site lies on the Bracklesham Beds of the Palaeogene, an area classified as having no 
susceptibility to acid deposition. There are no drift deposits. The catchment is difficult to define 
but lies in an area of low relief with a maximum altitude of 50 m. The land-use is approximately
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80% mixed woodland and heath, 10% uiban and 10% agriculture. The pond is surrounded by 
birch and pine woodland, and scrubland on three sides and is bordered by the A3 trunk road on 
the fourth.

A short 0.15 m core was taken by hand in 0.8 m of water. The surface sediment is an 
unconsolidated, very dark grey, organic clay. The clay content increases significantly down the 
core and at the base there is a very dark brown-black clayey soil.
DW = 16.11% LOI = 16.35%
2Ld 2Ag Lsof Dh+ Lc+ 
lOYR 3/1

CHILDERDITCH POND (SITE 85)
Childerditch Pond (NGR TQ 614904) is situated in Thomdon Country Park in Essex at an 
altitude of 50 m. This is an area consisting of 400 acres of wood and parkland, most of which 
has been designated a Site of Special Scientific Interest and is now owned by Essex County 
Council. The park is open to the public. The pond was constructed in the early sixteenth century 
as a fish stock pond. Today, although fish populations do exist, fishing is prohibited and the 
pond and its surrounds are a conservation area. The intention is to have all the stages of 
vegetational succession represented. The pond occupies 0.9 ha. It is supplied by a feeder stream 
which enters on the northern side of the pond and there is a dam and surface outflow at the 
south. The pond is shallow with a mean depth of 2.0 m. There is a single basin in the north with 
a maximum depth of 3.1 m. The east and west areas are shallow and heavily vegetated with 
reedmace. Here there is little open water and water depths measure approximately 0.5 m. The 
central area of the pond is occupied by an island, supporting small deciduous trees and Typha 
species. The site was cleared during the First World War but by 1976 there was no remaining 
open water. The entire pond had filled to the original water level with plant remains, and was 
a continuous fen of reedmace and rushes. Gradually, a belt of sallow scrub colonised and the 
whole pond came under threat from overgrowth. Therefore, in 1976 the pond was excavated to 
restore substantial areas of open water. There has since been no further disturbance and 
colonisation is evidently taking place again.

The site lies on London Clay of the Palaeogene, an area classified as having no susceptibility 
to acid deposition. There are no drift deposits. The catchment is difficult to define but is small 
and lies in an area of low relief with a maximum altitude of 105 m. The land-use is 
predominantly oak and conifer woodland, constituting about 75%, with 10% scrub commonland 
and 10% ungrazed meadow and only 5% arable farming.

A short 0.2 m Kajak core was taken in the deepest part of the pond in 3.05 m of water. The 
surface sediment is a flocculant, dark yellowish brown, organic clay. The pond has a clay-lined 
basin.
DW = 20.05% LOI = 16.73%
2Ld ILso lAg Dh+ Lf+ 
lOYR 4/4

BLUE LAGOON (SITE 86)
Blue Lagoon (NGR TQ 799868) is situated in South Benfleet, Essex at an altitude of 63 m. The 
pond is privately owned and is used by the Colony Lakes Angling Club. It is a clay pit of 1930s 
origin and is thought to have never been disturbed. The pond occupies 1.1 ha and has no surface 
inflows or outflows. It is fed by direct precipitation and run-off only. It has a flat clay bed and 
the water is brown and shallow, with a mean depth of 1.6 m, and a maximum depth of 1.8 m. 
The water becomes gradually shallower towards the reed beds. There is extensive marginal
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vegetation ranging from mature bulrushes and sedges to deciduous woodland Water lillies are 
also abundant

The site lies on the Barton Beds of the Palaeogene, an area classified as having no susceptibility 
to acid deposition. There are no drift deposits. The catchment is difficult to define but is small 
and lies in an area of low relief with a maximum altitude of 80 m. The land-use is 50% 
agriculture (dairy and arable farms), 30% deciduous woodland to the west and 20% urban. The 
name "lagoon" originates from the pond’s close proximity to Hadleigh Marsh and the Benfleet 
Creek. The site is only 2 km from the Thames Estuary.

A short 0.1 m Kajak core was taken in 1.7 m of water in the deepest part of the pond. The 
surface sediment is a very dark greyish brown, unconsolidated organic clay. There is a marked 
change at 0.07 m down the core as the clay content increases and the sediment is paler in colour. 
At a depth of 0.1 m, the pond bed is reached.
DW = 13.74% LOI = 19.44%
2Ld 2Dh Lso++ Lc+ Ag+ 
lOYR 3/2

MUNDON HALL POND (SITE 88)
Mundon Hall Pond (NGR TL 881027) is situated in the private grounds of Mundon Hall, south 
of Maldon in Essex, at an altitude of 8 m. It was originally constructed as an ornamental fish 
pond, approximately 150 years ago, but it has recently been dredged due to the rapid 
accumulation of sediment that has reduced water depth and appearance. The pond is very small, 
occupying only 0.1 ha. It is spring-fed, has no outflow and has a relatively stable water level. 
The pond is shallow with a mean water depth of 0.3 m and a maximum depth of 0.5 m, and has 
a flat brick bottom. The water body was dredged in October 1990 and allowed to refill naturally 
from the spring. The pond supports marginal sedges and filamentous blanket weed.

The site lies on London Clay of the Palaeogene period, an area classified as having no 
susceptibility to acid deposition. There are no drift deposits. The catchment is small in an area 
of low relief, in close proximity to the River Crouch estuary, and has a maximum altitude of 16 
m. The land-use is predominantly agriculture (90%). The remaining 10% comprises of deciduous 
woodland, much of which surrounds the pond, and residential in the form of scattered rural 
buildings. There is also a sewage works in the catchment.

A short 0.35 m core was taken by hand in 0.3 m of water, towards the centre of the pond. The 
surface sediment is very flocculant and organic, and is very dark brown in colour. The colour 
becomes blacker from 0.2 m downwards and becomes increasingly more consolidated. The 
surface sediment is covered with a layer of decaying leaf material from the surrounding 
deciduous trees, and decomposing blanket weed.
DW = 19.44% LOI = 30.49%
3Ld ILso Dh++ Ag+ 
lOYR 2/2

BONNINGTON LAKE (SITE 98)
Bonnington Lake (NGR TL 410132) is situated in private grounds in Hunsdonbury, 
Hertfordshire, at an altitude of 60 m. The exact date of origin is unknown, although the pond 
was created by flooding the old road site and was used for fish stock. Today the pond is used 
for ornamental purposes and supports fish and wildfowl populations. The pond occupies 2.6 ha. 
It is fed by springs and has a surface inflow which enters at the northern end from Hunsdon 
village. There is a dam forming a waterfall and surface outflow at the southern end, which
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passes under the road and finally forms a tributary of the River Stort. The pond is shallow and 
slopes gradually from water depths of approximately 0.5 m at the inflow to 1.5 m in much of 
the central part of the pond, to a maximum depth of 2.5 m at the outflow. There is no record 
of any disturbance to the water body and it has not been disturbed during the last 30 years under 
its present ownership. The pond has abundant marginal sedge beds, especially at the northern 
inflow end.

The site lies on London Clay of the Palaeogene, an area classified as having no susceptibility 
to acid deposition. There are no drift deposits. The catchment is difficult to define but lies in an 
area of low relief with a maximum altitude of 75 m. The land-use is 60% mixed woodland and 
30% agriculture. The southern side of the pond is bordered ty  fields used for grazing horses. 
The remaining 10% is urban in the form of scattered dwellings and residences in Hunsdon 
village.

A short 0.10 m kajak core was taken in 1.5 m of water. The surface sediment is a dark brown, 
unconsolidated, organic clay.
DW = 26.27% LOI = 12.2%
2Ld lAg IGa Lso++

LILY LAKE, MATCHING (SITE 100)
Lily Lake (NGR TL 527121) is situated in the small village of Matching in Essex, at an altitude 
of 70 m. The exact date of origin is unknown, though it is thought to be approximately 150 
years old. It was originally built for the Lord and Lady of Down Hall as a boating pond. Today, 
it is owned by the proprietors of Matching Hall and is used for attracting wildfowl, for fishing 
and as a source of water for irrigation. The pond occupies 0.75 ha. It is fed by a spring and also 
receives run-off via drainage ditches from die neighbouring fields. The pond is dammed at the 
northern end alcxig the road and an outflow passes under the road and enters a surface stream. 
This stream was dammed three years ago to divert the water into a newly constructed reservoir. 
The water supply is then used to irrigate the fields. The pond level is variable and can fluctuate 
by approximately 0.15 m in a year. The pond is shallow, with a maximum water depth of 0.8 
m at the dammed end, gradually becoming shallower towards the southern end, where water 
depths measure 0.5 to 0.6 m. There are no records of any human disturbance to the water body. 
Despite its name there are no lillies or other macrophytes.

The site lies on London Clay of the Palaeogene, an area classified as having no susceptibility 
to acid deposition. There are boulder clay and morainic drift deposits. The catchment is difficult 
to define but lies in an area of low relief with a maximum altitude of 85 m. The land-use is 
approximately 80% arable and sheep farming, and 20% deciduous woodland, which surrounds 
the pond.

A short 0.2 m core was taken by hand in 0.8 m of water. The surface sediment is a flocculant, 
very dark greyish brown, organic clay.
DW = 21.52% LOI = 18.68%
3Ld IDh Lso+ Ag-f- 
lOYR 3/2

WINTRY WOOD LAKE (SITE 101)
Wintry Wood Lake (NGR TL 472033) is situated in Epping Forest, Essex, at an altitude of 105 
m. The forest is owned by the Corporation of London and is managed by the Conservators of 
Epping Forest. The woodland is open to the public for walking and horse-riding. The origin of 
the site is unknown. The pond is small and circular, occupying 0.3 ha. There is no surface
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inflow. There is a surface outflow which is susceptible to drying-up after periods of low rainfall. 
The pond is very shallow, with a maximum water depth of 1.0 m near the outflow. Much of the 
rest of the paid has water depths between 0.5 and 0.8 m. There is evidence to suggest that the 
water body may have been dredged on a number of occasions. This could have been carried out 
in an effort to remove the dense accumulation of leaf debris from the surrounding woodland. The 
pond margins are heavily trampled by the public and by horses. The pond supports Potamogeton 
species in all areas except the deepest part near to the outflow. Sedges are abundant, especially 
at the shallowest side.

The site lies on London Clay of the Palaeogene, an area classified as having no susceptibility 
to acid deposition. There are no drift deposits. The catchment is difficult to define but lies in an 
area of low relief with a maximum altitude of 110 m. The land-use is approximately 80% 
deciduous woodland (oak, willow, ash, beech), 10% scrub and 10% agriculture. The town of 
Epping lies 1 km to the south-west of the pond.

A short 0.2 m core was taken by hand in 1 m of water. The surface sediment is a dark brown, 
organic clay with green algae present. The clay content and percentage of herbaceous detritus 
increase down the core. The lower part of the core is darker in colour, probably because 
conditions are more anaerobic.
DW = 35.48% LOI = 10.82%
3Ld IDh Lso++ L c-h - Ga+ 
lOYR 3/3

BRANCHES PARK LAKE (SITE 105)
Branches Park Lake (NGR TL 713555) is situated on a private estate in Cowlinge, Suffolk, at 
an altitude of 102 m. The origin is unknown and today it serves an ornamental function only. 
The pond is small and circular, occupying 1.1 ha. There is no surface inflow and the only water 
supply is from direct precipitation or run-off. There are pipes which channel the water from the 
surrounding fields into the pond. There is a surface outflow at the eastern side of the water body. 
The pond is very shallow with a maximum water depth of 1.5 m at the outflow. Much of the 
central area is 0.8 to 1.0 m deep and the margins are as shallow as 0.3 to 0.5 m. There is an 
artificial circular island to the north of the centre of the pond, which supports deciduous trees. 
Sedges are abundant around the pond margins and extend a considerable ^stance into the pond
at the southern side. The pond was cleaned out down to the clay bed in 1978 using steam
engines, but there has been no further human disturbance.

The site lies on chalk of the Cretaceous period, an area classified as having no susceptibility to 
acid deposition. There are no drift deposits. The catchment is difficult to define but the site lies 
in an area of low relief with a maximum altitude of 115 m. The land-use is 90% agriculture. The 
pond is bordered by wheat fields and improved grassland on three sides. The remaining 10% is 
mixed woodland, mainly deciduous, which lies on the eastern side of the pond. There are also 
scattered oaks, beech and bramble around the pond margins.

A short 0.1 m core was taken by hand in 0.8 m of water. The surface sediment is an olive 
brown, unconsolidated, organic clay with some calcareous material. Only 0.04 m of organics 
were recorded. The pond has a clay bed.
DW = 22.97% LOI = 11.43%
2Ld 2Ag Lc++ Lso+ Dh+ Ga+
2.5Y 4/4
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DEBDEN LAKE (SITE 107)
Debden Lake (NGR TL 545335) is situated in the private grounds of Debden Paik, near Saffron 
Walden, Cambridgeshire, at an altitude of 75 m. The pond was constructed in the eighteenth 
centuiy as part of the Capability Brown landscaped gardens of the estate. Today the pond 
functions as a fishery and is used for duck breeding. The pond is of medium size, occupying 4.8 
ha. It is fed by a surface inflow and has a recently constructed concrete dam on the outflow. The 
pond slopes from its deepest point of 1.5 m at the dam to less than 0.5 m at the inflow, with a 
mean depth of 0.9 m. The water level was lowered by 1.5 m in 1988. The pond has received 
untreated effluent from a local sewage woiks in recent years, as a result of a leak into the 
surface inflow. There are signs of deterioration in water quality, for example, the freshwater 
mussels living below the surface sediment are dying and the water lillies have been killed due 
to the declining Og availability. Further disturbance to the water body occurred in August 1990, 
when the upper part of the pond was drained in order to undertake essential gas pipeline repairs. 
The pond has been allowed to refill. Well developed marginal reedbeds fringe the pond.

The site lies on chalk of the Cretaceous period, classified as having no susceptibility to acid 
deposition. The drift deposits are boulder clay. The catchment is difficult to define but is in an 
area of low relief with a maximum altitude of 115m. The land-use is approximately 80% arable 
farming (wheat, potatoes), 15% mixed woodland, which surrounds the pond and 5% urban, 
which is comprised of Debden village and the aforementioned sewage works.

A short 0.15 m core was taken by hand in 0.80 m of water, towards the centre of the pond. The 
surface sediment is a greyish brown, organic clay and the clay content increases down the core, 
until the clay base is reached at a depth of approximately 1 m.
DW = 19.61% LOI = 15.64%
2Ag lAs ILd Lso+ 
lOYR 3/2

FOWLMERE SPRING (SITE 108)
Fowlmere Spring (NGR TL 405450) is situated in Fowlmere Reserve, owned by The Royal 
Society for the Protecticwi of Birds, in Cambridgeshire, at an altitude of 25 m. The reserve is an 
area of open waters which are managed to improve the area for wildfowl. The pond is small, 
occupying 0.3 ha. It is spring-fed from the chalk aquifer and so water depth is highly variable 
throu^out the year. There is no outflow. The pond is very shallow, even after heavy periods 
of rainfall. Maximum recorded water depths are 0.2 m. Tlie extent of open water also varies
seasonally. There are extensive growths of sedges, rushes, pond weed and green filamentous
algae. The pond was cleaned out in 1987 and vegetation clearance is carried out regularly.

The site lies on chalk of the Cretaceous period, an area classified as having no susceptibility to 
acid deposition. There are no drift deposits. The catchment is difficult to define but the site lies 
in an area of very low relief on the River Cam floodplain, with a maximum altitude of 50 m. 
The land-use is 80% arable farming and ploughed fields are located next to the pond. The 
remainder is 5% alder woodland with hawthorn scrub, 5% marshland and reedbeds and 10% 
chalk grassland.

A short 0.04 m core was taken by hand in 0.2 m of water. The surface sediment is a dark 
yellowish brown, calcareous, organic mud with a high diatom content. At 0.02-0.04 m down the 
core, the calcareous content increases and large white, shell fragments are present. At a depth 
of 0.04 m, the chalk bedrock is reached.
DW = 48.66% LOI = 8.03%
2Lso ILd ILc Dh+ Ag+
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lOYR 3/4

HEMINGFORD PARK LAKE (SITE 112)
Hemingford Paik Lake (NGR TL 278706) is situated on a private estate in Hemingford Abbots, 
Cambridgeshire, at an altitude of 8 m. The origin is unknown, although there is also an upper 
pond, which is used for fishing. The pond is presently used for ornamental purposes and 
supports wildfowl populaticns. The pond occupies 0.8 ha. There is no surface inflow or outflow, 
and the pond is dammed at the eastern end which is situated close to the road. The water level 
appears to fluctuate according to the precipitation levels. The pond is very shallow, with a mean 
water depth of 0.5 m. The maximum depth is 0.8 m at the dam end and then becomes gradually 
more shallow towards the west, where depths are as low as 0.2 m. The water is very brown, has 
a strong odour and is high in suspended solids. The pond supports green algae, water lillies, 
blanket weed, a number of other floating aquatics, and sedges around the pond margins. The 
history of human disturbance at the site is unknown, but there has been recent bank 
improvements and there is evidence of vegetation clearance.

The site lies on Oxford Clay of the Upper Jurassic period, an area classified as having low 
susceptibility to acid deposition. The drift geology is alluvium and river terrace deposits, as the 
pond is sited on the River Great Ouse floodplain. The catchment is difficult to define but is in 
an area of low relief, with a maximum altitude of 30 m. The land-use is 80% agriculture. The 
pond is surrounded by improved pasture used for cattle grazing and this could explain the high 
organic content in the surface sediments and the high productivity of the water. The pond 
appears to be used by animals for drinking and this has caused trampling in the marginal areas. 
The remaining 20% of the catchment is uiban. The settlements of Hemingford Abbots and 
Hemingford Grey both lie in the catchment. A sewage works is situated 1 km to the west of the 
pond. There are some deciduous trees surrounding the pond but there is no significant woodland 
in the catchment.

A short 0.15 m Kajak core was taken in 0.8 m of water in the deepest part of the pond. The 
surface sediment is an olive, very organic mud, with a high green algae content.
DW = 6.22% LOI = 25%
3Ld ILso Dh4- Ag+
5Y4/4

MITCHAMS PIT, BURWELL (SITE 113)
Mitchams Pit (NGR TL 608685) is situated on private farmland in Burwell, Cambridgeshire, at 
an altitude of 7 m. The site was originally a Blue Circle cement works and remnants of the 
winding gear and tram lines still exist today. The pit was flooded and is now disused. Its only 
function today is to provide habitats for wildfowl and fish populations and as a decoy pond for 
shooting. The pond occupies 2.3 ha. The water supply is from direct precipitation and run-off 
only, and there is no outflow. The pit has one deep basin with a maximum water depth in the 
centre of 12 m. There is a sheer drop from the pond edge to approx 8 m and then the water 
depth gradually increases towards the centre. The pond water is brownish and supports 
filamentous green algae and sedges around the margins.

The site lies on chalk of the Cretaceous period, an area classified as having no susceptibility to 
acid deposition. There are no drift deposits. The catchment is difficult to define but the site lies 
in a fenland area of very low relief, with a maximum altitude of 30 m. The land-use is 90% 
agriculture and 5% mixed woodland. The pond is surrounded by deciduous woodland. The 
remaining 5% is urban.
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A short 0.07 m Kajak core was taken in 9 m of water. The surface sediment is a dark yellowish 
brown, wganic clay. There is a marked change at 0.03 m down the core as the clay content 
increases. From 0.07 m down the core, the sediment is a blue clay.
DW = 14.54% LOI = 13.73%
2Ld 2Ag Lso++ Ga+ Dh+ 
lOYR 4/4

DECOY LAKE, ARLINGTON (SITE 114)
Decoy Lake (NGR TL 320524) is situated on private land in Ailington, Cambridgeshire at an 
altitude of 63 m. The pond was constructed as a decoy site and is currently used for private 
fishing and for shooting. The pond occupies 1.1 ha. There is a surface inflow which enters in 
the south-east comer and a surface outflow at the west. The pond is dammed along the road side 
and embankments have recently been improved all around the pond margins. The pond is 
shallow and has a single basin at the eastern end. The water depth gradually increases from 1.2 
m at the pond margins to a maximum of 2.2 m in the centre of the basin. There is a small, 
artificial island in the middle of the pond which supports well established, mature deciduous 
trees and sedges. Water depths along both sides of this island shelve from 1.2 m at the pond 
margins to 1.7 m around the island perimeter. The western end of the pond slopes gradually 
from 1.0 m at the pond margins to 1.7 m at the island. The pond supports wildfowl and fish 
populations. There are two main submerged aquatic macrophytes and water lillies are abundant 
Bulrushes and sedges are well established at die pond margins and on the island.

The site lies on chalk of the Cretaceous period, an area classified as having no susceptibility to 
acid depositicxi. There are boulder clay and morainic drift deposits. The catchment is difficult 
to define but the site lies in an area of low relief, with a maximum altitude of 77 m. The land- 
use is 90% agriculture. The pond is surrounded by arable fields. The remaining 10% is mixed 
woodland. Deciduous trees surround the pond and are particularly dense along the road side.

A short 0.07 m Kajak core was taken in 1.2 m of water near to the northern shoreline, as 
problems arose in obtaining a ccwe from the deepest parts of the pond. In these deeper areas, 
there appears to be little sediment accumulation. The surface sediment is a brown, consolidated 
organic clay. The clay content increases significantly down the core, and from a depth of 0.03 
m and below, the sediment is a clay soil.
DW = 26.47% LOI = 13.23%
2Ld 2As Ag+ Lsof Lc+ Dh+ 
lOYR 5/3

MARSWORTH RESERVOIR (SITE 120)
Refer to Chapter 8 for a full description of this site.

A short 0.2 m Kajak core was taken in 3.2 m. The total sediment depth at this point is 2.3 m. 
The surface sediment is a dark greyish brown, organic clay. The clay content increases down the 
core.
DW = 21.01% LOI = 17.37%
2Ld 2Ag Lso++ Dh+ Lc+
2.5Y 4/2
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APPENDIX THREE

Summary of the monthly data 

for the 16 environmental variables 

at the 31 training set sites

383



No. 4 Eleven Acre Lake n. mean min. max.

pH 13 8 . 0 1 7.50 8.40

Conductivity pS cm^ 13 481 411 573

Alkalinity meq 1^ 13 3.46 2.64 4.35

Na+ p e q l ' 4 386 48 565

K+ peql*^ 4 79.3 6 6 96

M g- peql* 4 462 390 516

Ga p e q l ' 4 3566 309 5702

el peql’̂ 4 619 509 700

so;* peql*^ 4 1636 1304 2013

n o ; mg 1^ 13 0.9 0.4 2.4

SiOz mg 13 1.85 0.04 3.50

SRP pgl' 13 4.3 0 . 8 14.7

TP pgl' 13 77.9 30.8 383.1

Chi. a Mgl'̂ 13 2 0 . 1 1.5 33.0

Max. water 
depth

m 1 3.0

Secchi depth m 1 0.7

No. 7 Grendon Quarter Pond n. mean min. max.

pH 13 8 . 0 0 7.45 8.40

Conductivity pS cm ' 13 569 445 735

Alkalinity meq 1 ' 13 3.51 2.50 4.80

Na+ p e q l' 4 1244 1079 1392

K+ peql*' 4 243 190 314

M g- peql*' 4 603 347 814

C a - p e q l ' 4 5353 3926 7066

C1 p e q l ' 4 1642 1549 1790

so; p e q l' 4 1947 450 3566

n o ; mg 1 ' 13 1 . 6 0.4 8 . 6

SiOz mg 1 ' 13 4.11 0.28 7.09

SRP pgl' 13 19.7 1.50 82.2

TP pgl' 13 167 56.8 405

Chi. a pgl' 13 58.8 0 . 6 198

Max. water 
depth

m 1 1 . 2

Secchi depth m 1 0 . 6
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No. 31 Abbey Lake n. mean min. max.

pH 13 8.16 7.50 9.90

Conductivity pS cm'^ 13 503 320 599

Alkalinity meq 1^ 13 4.00 2 . 0 2 4.98

Na* peql-^ 4 619 541 675

K+ peql-^ 4 242 217 258

M g- p e q l ' 4 388 357 417

Ga peqi' 4 4472 3131 5315

el peql*^ 4 626 531 680

so;- peql'^ 4 1 2 1 2 661 1659

NO; mg 1^ 13 0.9 0.4 3.9

SiOz mg 1 '̂ 13 4.27 0 . 0 1 5.96

SRP Mg 1 '̂ 13 428 4.5 1038

TP Mgl' 13 635 90.7 138.3

Chi. a Mgl' 13 37.4 0.7 272

Max. water 
depth

m 1 1 . 2

Secchi depth m 1 - 1

No. 34 Fleet Pond n. mean min. max.

pH 13 7.83 7.40 8.50

Conductivity pS cm^ 13 442 312 592

Alkalinity meq T* 13 2.24 1 . 2 0 2.92

Na* peql'^ 4 1239 1188 1362

K+ peql'^ 4 145 124 165

M g- peq 4 303 264 332

C a - peq 1 ' 4 2822 2466 3278

C1 peql'^ 4 1129 1014 1339

so; peql-^ 4 980 770 1081

NO; mg 1^ 13 1.4 0 . 8 2.7

SiOz mg 13 3.76 0.63 7.38

SRP Mgl' 13 300 75.2 519

TP Mgl' 13 461 231 944

Chi. a Mgl' 13 26.9 5.1 1 0 1

Max. water 
depth

m 1 1 . 0

Secchi depth m 1 0.3
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No. 37 Hammer Pond n. mean min. max.

pH 13 7.91 7.45 8.65

Conductivity pS cm'^ 13 375 268 444

Alkalinity meq 1^ 13 2.38 1.70 2 . 8 8

Na+ peql* 4 434 402 474

K* peql* 4 51.8 44 57

M g- peql'^ 4 163 142 185

Ga peql'^ 4 3437 3187 3969

el peql'^ 4 548 470 603

so; peql*^ 4 588 508 637

n o ; mg 13 5.6 2 . 1 7.8

SiOz mg 1 ^ 13 3.22 0.41 4.87

SRP pgl' 13 26.0 5.1 55.6

TP pgl' 13 1 1 0 . 1 2 2 . 2 679.2

Chi. a pgl-' 13 4.9 0.7 15.6

Max. water 
depth

m 1 2 . 0

Secchi depth m 1 - 1

No. 42 Frensham Little Pond n. mean min. max.

pH 1 1 8.25 7.70 9.45

Conductivity pS cm‘‘ 1 1 275 219 321

Alkalinity meq 1 1 1.91 1.60 2.16

Na* peql-' 4 387 297 434

K* peql'^ 4 44.8 33 51

M g- peq 1 ' 4 140 118 166

C a - p e q l' 4 2159 1972 2395

C1 peql*^ 4 487 344 593

so; peql* 4 362 242 507

n o ; mg r* 1 1 0.9 0.4 2.7

SiOj mg 1 ^ 1 1 2.31 0.09 4.76

SRP Pg 1 1 9.0 2 . 6 34.3

TP Mg 1' 1 1 6 8 . 0 2 1 . 0 153.1

Chi. a Mgl' 1 1 27.5 2.9 153.4

Max. water 
depth

m 1 1.7

Secchi depth m 1 0.55
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No. 50 Abbotts Wood Lake n. mean min. max.

pH 13 6.85 6 . 2 0 7.30

Conductivity pS cm ̂ 13 414 325 480

Alkalinity meq 1 * 13 0.81 0.18 1.56

Na* peql* 4 1781 1616 1951

K* peqr* 4 73.8 56 1 0 2

M g- peql-^ 4 703 699 705

Ga peql-^ 4 1445 1273 1589

e l peql'^ 4 2183 1857 2661

s o ; - peql'^ 4 852 260 1204

n o ; mg 13 4.5 0.4 14.2

SiOz mg 1^ 13 2.04 0.26 4.11

SRP p g l ' 13 13.1 2.5 39.8

TP 13 97.9 20.3 456.2

Chi. a pgl-' 13 15.8 0 . 6 84.0

Max. water 
depth

m 1 1 . 8

Secchi depth m 1 0.3

No. 53 Cinder Hill Lake n. mean min. max.

pH 13 7.30 6.60 8.30

Conductivity pS cm'* 13 227 163 317

Alkalinity meq 1 '* 13 0.69 0.37 1 . 1 2

Na* peql'* 4 683 630 727

K+ peql'* 4 79.5 72 96

M g- peql'* 4 347 330 363

C a - peql'* 4 1062 915 1155

C1 peql'* 4 834 701 952

so; peql'* 4 523 256 725

n o ; mg 1 * 13 1.3 0.4 4.7

SÎO2 mg 1 * 13 1.46 0.18 4.70

SRP 13 47.7 14.5 190.9

TP p g l ' 13 192.8 42.1 655

Chi. a p g l ' 13 26.7 1.9 151.5

Max. water 
depth

m 1 2 . 0

Secchi depth m 1 0.4
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No. 57 Albury Mill Pond n. mean min. max.

pH 13 7.68 7.05 9.30

Conductivity pS cm'^ 13 272 215 336

Alkalinity meq 1 * 13 1.19 0.76 1.62

Na* peql'* 4 525 407 622

K* peq I ' 4 62 51 84

M g- peql'^ 4 199 187 2 1 2

Ga peql'^ 4 1984 1403 2476

el peql** 4 515 328 641

so; peql-^ 4 449 412 527

n o ; mg 1 ^ 13 5.1 1.3 8.4

SiOz mg 1 * 13 4.25 0.52 6.14

SRP p g l ' 13 266 227 322

TP Mgl* 13 337 244 475

Chi. a p g i ' 13 2.9 0 . 6 7.0

Max. water 
depth

m 1 0.7

Secchi depth m 1 - 1

No. 58 Shortheath Pond n. mean min. max.

pH 13 7.42 6.75 8.30

Conductivity pS cm^ 13 207 167 283

Alkalinity meq 1 '̂ 13 0.59 0.42 0.84

Na+ peql'^ 4 762 653 828

K+ p e q l ' 4 36.3 17 44

M g- p e q l ' 4 134 116 166

C a - peql’̂ 4 1051 819 1255

C1 peql'^ 4 906 720 1038

so; peql'^ 4 272 164 414

n o ; mg 1 ^ 13 0.7 0.4 1.4

SiOz mg 1 ^ 13 0 . 2 2 0.07 0.63

SRP pgr' 13 6 . 8 2 . 6 21.5

TP P g l ' 13 52.2 20.7 95.3

Chi. a P g l ' 13 7.0 1.7 26.4

Max. water 
depth

m 1 2 . 2

Secchi depth m 1 0.7
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No. 65 Wîremîll Lake n. mean min. max.

pH 13 7.61 7.20 8.70

Conductivity pS cm^ 13 383 156 525

Alkalinity meq 1^ 13 1.47 1 . 0 0 2 . 2

Na+ peql* 4 1899 1524 2554

K* peql'^ 4 182 130 269

M g- peql-^ 4 401 370 435

C a - peql-^ 4 1925 1846 2 0 0 1

Cl peql-^ 4 1468 1159 1809

s o ; peql*^ 4 1160 968 1290

n o ; mg 1 * 13 1.3 0.7 2 . 1

SiOz mg 1^ 13 1.59 0 . 0 0 2 3.12

SRP Pgl* 13 520 267 741

TP Mgl*‘ 13 646 498 748

Chi. a Pgl'^ 13 44.9 7.2 233.3

Max. water 
depth

m 1 1.7

Secchi depth m 1 0 . 2

No. 69 Hartwell Pond n. mean min. max.

pH 13 7.31 6.50 8 . 2 0

Conductivity pS cm^ 13 353 312 433

Alkalinity meq 1’* 13 2.23 2.04 2 . 6 8

Na* peql'^ 4 1143 1030 1280

K+ peql* 4 81.5 55 98

M g- peql* 4 391 374 405

C a - peql*' 4 2269 2153 2350

C1 peql* 4 1186 952 1434

so; peql’̂ 4 396 321 461

NO; mg r* 13 0 . 8 0.4 1 . 6

SiOz mg r* 13 1 . 2 0 0.31 2.79

SRP Mg I ' 13 1 0 0 . 6 3.4 301

TP Mgl-' 13 173.3 73.2 301

Chi. a Mgl' 13 29.4 1 . 6 107

Max. water 
depth

m 1 3.1

Secchi depth m 1 1.5
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No. 73 Sissinghurst Lake n. mean min. max.

pH 13 7.15 6.70 8.25

Conductivity pS cm^ 13 314 204 499

Alkalinity meq r* 13 1 . 1 1 0.58 1.9

Na+ peql-^ 4 928 711 1065

K peql-^ 4 127 30 197

M g- p e q l ' 4 455 345 531

Ga peql'^ 4 1604 1385 1753

el- peql'^ 4 1059 757 1338

SO/- peql-‘ 4 869 297 1625

NO/ mg r* 13 0 . 8 0.3 2.3

SiOj mg 1 ^ 13 1.47 BDL 3.16

SRP Mgl' 13 64.2 6.5 250

TP 13 265 43.5 548

Chi. a 13 32.9 1 . 1 155.4

Max. water 
depth

m 1 1 . 0

Secchi depth m 1 0.5

No. 74 Farthings Lake n. mean min. max.

pH 13 6.93 6 . 2 0 7.60

Conductivity pS cm'* 13 269 214 367

Alkalinity meq 1^ 13 0.43 0 . 2 1 0.70

Na+ peql*^ 4 981 913 1039

K+ peq]-' 4 81.5 62 103

M g- peql*^ 4 371 235 441

C a - peql-^ 4 1098 911 1340

C1 peql'^ 4 1214 1113 1349

SO / peq]-^ 4 646 551 763

NO/ mg 13 2 . 2 0 . 6 5.6

SiOz mg 13 2 . 1 2 0.45 3.26

SRP Mgl*‘ 13 8.4 2.5 17.3

TP P g l ‘ 13 92.6 21.4 476

Chi. a p g l ' 13 14.7 0 . 2 57.3

Max. water 
depth

m 1 2 . 2

Secchi depth m 1 0.35
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No. 76 Beachborough Lake n. mean min. max.

pH 13 7.90 7.40 8.20

Conductivity pS cm'^ 13 560 379 1474

Alkalinity meq 1̂ 13 3.61 2.80 4.42

Na* peql-^ 4 693 630 730

K peql'^ 4 73.8 56 87

M g- peql*^ 4 277 253 294

Ga peql-^ 4 3927 2298 4620

el peql-^ 4 863 797 1020

so;- peql-^ 4 642 453 903

n o ; mg 1*‘ 13 2.1 0.3 6.5

SIO; mg 13 1.82 0.28 3.57

SRP Pgl* 13 6.3 1.6 13.9

TP Pgl*‘ 13 104.5 18.4 613

Chi. a Pgl'^ 13 34.5 1.4 159.4

Max. water 
depth

m 1 1.1

Secchi depth m 1 0.2

No. 79 North Pool n. mean min. max.

pH 13 7.90 7.70 8.05

Conductivity pS cm'^ 13 1327 987 1700

Alkalinity meq 13 3.71 3.32 4.02

Na* peq 1: 4 7948 7140 8730

K+ p e q l' 4 396 338 441

M g- peql'* 4 1181 750 1657

C a - peql'^ 4 3632 3210 4120

C1 peql’̂ 4 8524 7870 9048

so; p e q l ' 4 1638 1527 1826

n o ; mg 1* 13 1.4 0.6 2.9

SiO; mg 1' 13 0.64 0.20 0.93

SRP P g l ' 13 3.4 1.1 6.8

TP p g l ' 13 36.9 18.9 64.9

Chi. a p g l ' 13 8.2 2.1 39.0

Max. water 
depth

m 1 2.4

Secchi depth m 1 0.60
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No. 82 Lower St Clere Lake n. mean min. max.

pH 13 7.99 7.30 9.00

Conductivity pS cm ' 13 418 301 640

Alkalinity meq 1' 13 2.72 1.30 3.60

Na* peql*' 4 581 550 632

K* peql*' 4 169 148 198

Mg- peql*' 4 311 248 390

C a - peql*' 4 3916 3265 4550

Cl p e q l ' 4 911 821 966

so;* peql*' 4 752 431 1280

n o ; mg 1' 13 1.1 0.5 3.5

SiOz mg 1' 13 2.94 0.12 5.40

SRP p g l ' 13 88.0 2.5 261

TP p g l ' 13 214 22.2 1211

Chi. a p g l ' 13 4.3 0.6 31.5

Max. water 
depth

m 1 1.7

Secchi depth m 1 1.4

No. 83 Boldermere n. mean min. max.

pH 13 7.60 6.75 8.90

Conductivity pS cm ' 13 463 384 578

Alkalinity meq 1' 13 0.86 0.30 3.60

Na" p e q l ' 4 1462 1313 7711

K+ peql*' 4 220 207 239

M g- p e q l ' 4 683 601 804

C a - p e q l ' 4 2142 1851 2605

C1 peql*' 4 1812 1547 2127

s o ; p e q l ' 4 1619 222 2411

n o ; mg 1' 13 0.8 0.3 1.4

SiOg mg 1' 13 0.26 0.02 0.66

SRP p g l ' 13 3.9 2.2 6.4

TP 13 42.5 14.3 165.6

Chi. a p g r ' 13 4.8 1.2 14.1

Max. water 
depth

m 1 0.8

Secchi depth m 1 0.50
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No. 85 Childerditch P<md n. mean min. max.

pH 13 6.83 5.80 7.60

Conductivity pS cm * 13 695 502 931

Alkalinity meq 1̂ 13 1.25 0.30 2.10

Na* peql' 4 2918 2445 3810

K* p e q l ' 4 161 148 183

M g- p e q l ' 4 1219 1150 1393

C a - peql*' 4 2219 1898 2530

Cl peql*' 4 3723 2986 5370

SO / p e q l ' 4 1913 878 3085

NO/ mg 1*' 13 1.0 0.5 2.3

SiOz mg 1' 13 1.93 0.37 3.95

SRP pgl-' 13 23.0 2.4 61.0

TP P g l ‘ 13 103 39.4 244.7

Chi. a P 8 l ' 13 26.3 3.5 165.1

Max. water 
depth

m 1 3.1

Secchi depth m 1 0.4

No. 86 Blue Lagoon n. mean min. max.

pH 13 7.86 7.60 8.10

Conductivity |iS cm*' 13 1281 1097 1596

Alkalinity meq 1*' 13 7.14 5.80 9.32

Na" peql*' 4 4802 4388 5130

K+ peql*' 4 624 596 650

M g- peql*' 4 4186 3814 4825

C a - peql*' 4 2863 2044 3715

C1 peql*' 4 3646 3154 3964

SO / peql*' 4 4497 3560 5587

NO/ mg 1' 13 0.9 0.4 1.5

SiOz mg 1' 13 2.87 0.93 4.34

SRP p g l ' 13 17.4 0.7 70.0

TP p g l ' 13 116.6 32.3 538

Chi. a p g l ' 13 28.5 2.5 101.1

Max. water 
depth

m 1 1.8

Secchi depth m 1 0.90
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No. 88 Mundon Hall Pond n. mean min. max.

pH 10 8.79 7.65 9.90

Conductivity^ |jS cm'^ 10 1020 845 1255

Alkalinity meq 1̂ 10 2.89 2.07 3.68

Na+ peql*^ 4 4379 3856 4725

K* peql-^ 4 2412 1670 4100

M g- peql'^ 4 2109 1894 2440

Ga peql'^ 4 2439 1618 3091

e l peql'^ 4 4176 3501 4672

SO / peql* 4 3829 3026 4568

NO/ mg 1* 10 1.1 0.5 3.6

SiOj mg r* 10 0.51 0.01 1.72

SRP 10 46.8 3.4 114.7

TP Mgl' 10 204 46.4 658

Chi. a 10 24.1 0.8 176

Max. water 
depth

m 1 0.5

Secchi depth m 1 0.5

No. 98 Bonnington Lake n. mean min. max.

pH 13 8.14 7.50 8.95

Conductivity pS cm * 13 618 413 894

Alkalinity meq I * 13 3.54 2.00 4.84

Na+ peql* 4 1164 860 1347

K+ peql* 4 130 106 147

M g- peql* 4 440 412 500

C a - peql* 4 5188 3765 6868

C1 peql* 4 1366 1303 1452

SO / peql* 4 1763 1131 2192

NO / mg 1* 13 4.2 0.9 16.7

SiOz mg 1* 13 2.61 0.12 6.37

SRP p g l ' 13 87.7 5.1 285

TP p g l ' 13 319 86.8 780

Chi. a Pgl* 13 142.8 4.3 505

Max. water 
depth

m 1 2.5

Secchi depth m 1 1.00
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No. 100 LQy Lake n. mean min. max.

pH 13 7.90 7.40 8.50

Conductivity^ pS cm ̂ 13 582 450 744

Alkalinity meq 1* 13 4.67 3.00 6.24

Na* peql-^ 4 1263 1113 1615

K+ peql-^ 4 200 158 236

M g- peql’̂ 4 580 416 985

Ga peql-^ 4 5599 3850 7260

e l peql'^ 4 1490 1256 1996

SO/- peql-^ 4 2071 1947 2248

NO/ mg 1̂ 13 2.1 0.3 14.0

SiOj mg 1̂ 13 2.01 0.01 5.32

SRP 13 35.0 0.0 144.0

TP p g l ' 13 294 53.0 458

Chi. a 13 182.5 28.8 630

Max. water 
depth

m 1 0.8

Secchi depth m 1 0.2

No. 101 Wintry Wood Lake n. mean min. max.

pH 13 7.05 6.20 7.70

Conductivity pS cm‘* 13 371 312 471

Alkalinity meq 13 0.67 0.16 1.40

Na+ peql-' 4 779 694 885

K+ peql*' 4 87 62 123

M g- peql-' 4 604 530 671

C a - p e q l ' 4 4838 2600 7516

C1 p e q l ' 4 985 783 1357

SO / p e q l' 4 1164 600 2423

NO/ mg 1' 13 0.7 0.3 1.3

SiOz mg 1' 13 0.41 0.05 1.10

SRP p g l ' 13 3.3 1.1 6.1

TP Pg I ' 13 29.6 14.4 74.0

Chi. a p g l ' 13 6.5 1.7 20.3

Max. water 
depth

m 1 1.0

Secchi depth m 1 0.80
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No. 105 Branches Park Lake n. mean min. max.

pH 13 8.27 7.40 10.30

Conductivity pS cm'^ 13 333 209 527

Alkalinity meq 1* 13 2.00 0.60 3.40

Na* peql' 4 380 45 590

K* peql*^ 4 52 5 74

M g- peql'^ 4 266 184 311

Ga peql-^ 4 3261 1495 4486

el- peql'^ 4 519 483 582

SO ; peql*^ 4 833 334 1186

n o ; mg 1' 13 2.3 0.4 9.8

SiOg mg 13 0.69 0.02 1.85

SRP Pg 13 3.6 0.0 8.7

TP Pgl^ 13 45.5 16.9 121

Chi. a Pg 1*̂ 13 4.4 1.0 9.5

Max. water 
depth

m 1 1.5

Secchi depth m 1 -1

No. 107 Debden Lake n. mean min. max.

pH 10 7.96 7.65 8.15

Conductivity pS cm * 10 566 496 661

Alkalinity meq 1* 10 3.33 2.30 4.00

Na+ peql* 4 472 412 540

K+ peql* 4 98 85 107

M g- peql* 4 835 645 964

C a - peql* 4 2746 2504 3030

C1 peql* 4 424 363 482

SO ; peql* 4 2883 1974 3629

NO; mg r* 10 2.4 0.4 17.1

SiOz mg 1* 10 2.43 0.92 3.60

SRP pg 1̂ 10 26.6 3.5 143.2

TP p g l ' 10 140 78.0 268

Chi. a Pgl* 10 48.1 9.4 112.6

Max. water 
depth

m 1 1.5

Secchi depth m 1 0.20
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No. 108 Fowlmere Spring n. mean min. max.

pH 13 7.22 6.90 7.95

Conductivity^ pS cm^ 13 521 464 588

Alkalinity meq 1̂ 13 4.52 3.90 4.92

Na^ peql* 4 396 303 474

K* peql* 4 47 33 56

M g- peql-^ 4 500 251 708

Ga peql*^ 4 3909 2473 6068

e l peql'^ 4 408 332 553

s o ; peql'* 4 758 346 1266

n o ; mg 1̂ 13 4.6 1.6 9.2

SiOz mg 13 4.30 0.33 6.74

SRP Mgi' 13 5.8 2.6 10.9

TP P g l ' 13 63.6 4.9 471

Chi. a p g l ' 13 3.4 0.2 9.3

Max. water 
depth

m 1 0.2

Secchi depth m 1 -1

No. 112 Hemingford Park Lake n. mean min. max.

pH 13 7.68 7.20 8.10

Conductivity pS cm'* 13 868 742 1156

Alkalinity meq 1'* 13 2.75 2.20 3.20

Na+ peql'* 4 1847 1595 2245

K+ peql'* 4 136 106 161

M g- peql* 4 1022 920 1164

C a - peql* 4 7332 6676 8026

C1 peql* 4 1835 1669 2217

so; peql* 4 5583 4850 6707

n o ; mg 1* 13 1.1 0.6 3.0

SIOz mg 1* 13 0.53 0.18 1.26

SRP p g l ' 13 6.5 0.0 20.3

TP p g l ' 13 150.1 42.8 669

Chi. a pg 1̂ 13 18.7 2.7 83.5

Max. water 
depth

m 1 0.8

Secchi depth m 1 -1
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No. 113 Mitchams Pit n. mean min. max.

pH 13 7.62 7.20 8.80

Conductivity pS cm"* 13 503 422 574

Alkalinity meq 1̂ 13 1.95 1.68 2.60

Na+ p e q l ' 4 801 780 846

K+ p e q l ' 4 156 148 164

M g- p e q l ' 4 446 431 454

Ga p e q l ' 4 4292 4088 4540

el- p e q l ' 4 1145 1065 1183

SO/- p e q l ' 4 2418 2320 2480

NOj mg r* 13 0.7 0.4 1.4

SiOz mg 1̂ 13 0.53 0.23 1.29

SRP p g l ' 13 20.8 2.3 69.6

TP Pgl*' 13 115.1 20.4 504

Chi. a p g l ' 13 9.5 1.0 48.0

Max. water 
depth

m 1 12.0

Secchi depth m 1 2.4

No. 114 Decoy Lake n. mean min. max.

pH 13 7.93 7.20 8.95

Conductivity pS cm'^ 13 406 297 491

Alkalinity meq 1'̂ 13 1.79 1.00 2.30

Na+ p e q l' 4 511 487 550

K+ p e q l ' 4 30.5 15.0 40.0

M g- p e q l ' 4 686 679 700

C a - p e q l' 4 3484 2542 4648

C1 p e q l' 4 662 639 682

SO / p e q l' 4 1668 1189 2166

NO/ mg 1̂ 13 1.8 0.4 9.8

SiOz mg 1' 13 0.22 0.07 0.63

SRP pgl*' 13 6.3 0.0 15.2

TP p g l ' 13 25.5 10.6 73.3

Chi. a pg 1' 13 3.5 1.0 11.7

Max. water 
depth

m 1 2.2

Secchi depth m 1 -1
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No. 120 Marsworth Reservoir n. mean min. max.

pH 13 8.59 7.80 9.05

Conductivity^ pS cm^ 13 528 429 625

Alkalinity meq 13 4.20 2.60 4.84

Na+ peql' 4 1028 667 1256

K+ peql-* 4 103.3 69 124

Mg- peql-* 4 193 132 221

C a - peql* 4 4478 2933 6065

Cl peql* 4 958 589 1208

so;- peql* 4 940 620 1256

n o ; mgl* 13 0.9 0.4 1.6

SiOz mg 1̂ 13 3.55 0.38 6.20

SRP p g l ' 13 396 96.8 654

TP pgl*' 13 476 303 673

Chi. a pgl*' 13 76.2 1.0 362

Max. water 
depth

m 1 4.0

Secchi depth m 1 0.5
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APPENDIX FOUR
Appendix 4.1 Principal components analysis (PCA) environmental variable

loadings and sample scores for:

a) 123 sites and 12 variables
Environmental variable loadings

Sample scores

NAME All AI2 AI3 AI4

EIG .4101 .2139 .1102 .0782

PH . 3391 -.8419 . 0979 - .3274
ALK .4754 -.7556 .1449 -.3461

COND .«566 -.2015 -.2495 .2259
NA .8021 .3773 -.0266 -.2958
I .7967 . 3389 .2229 .0048

CA .6150 -.5664 -.2192 .3262
MG .8253 . 3699 -.2295 -.0313
CL .7976 .2435 .0183 -.3496

S04 . 7301 .1643 -.3508 .3440
NO 3 .3270 -.5339 .2439 .2287

ABS-2S0 .3835 .4001 .5843 -.0680
TP .2920 -.0181 .7441 .4099

NAME All AI2 AX3 AX4

EIG .4101 .2139 .1102 .0782

001 1.8048 .0232 -.7515 -1.4683
002 2.6572 .0554 2.4725 1.2111 .
003 -.0208 -1.2305 .3279 .7622
004 -.2189 -1.0708 -.9098 .2091
005 .0579 -.8522 -.8768 -.0291
006 .9158 -.3061 -.1130 .4750
007 .4883 -1.0413 -.2964 . 4498
008 .0093 -.3931 -.2949 .2882
009 . 3805 -.9666 .5592 1.3610
010 .0741 -.5857 -.2318 .4642
Oil . 4867 .2151 .2560 -.3205
012 -.3332 -1.1200 .2002 .7560
013 -.7216 .0597 -.2812 -.6043
014 1.4402 -.3528 -.7021 1.3165
015 .7627 -.2022 .3139 . 387 1
016 .0562 -.6086 -.1182 -.0261
017 -.6469 -1.6004 -.7421 .3943
018 .3630 -.7511 -.5719 .455 1
019 -.1301 -1.3014 -.0620 1.4289
020 -.3416 4.3130 -1.8709 5.3871
021 -1.1450 3.1123 -1.2835 1.5958
022 -1.4512 -.4195 .5505 -.3972
023 -.9028 -.0935 .9702 -.5721
024 -.2679 - .5246 .9935 -.6178
025 -.5531 .8952 -.0633 -.8511
026 1.0429 -.1663 -1.6115 .7904
027 -.2467 . 2842 . 9852 .3765
028 -.5493 2.3012 -.1402 -2.1174
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Appendix 4.1 continued

a) 123 sites and 12 variables

Sample scw es

HAKE All AX2 AI AI4 WANE All AI2 AI3 AI4
029 .1253 .4625 .0545 084 .6222 .514 -.3469 . 2370
030 -.7215 1.1876 -1.2033 085 .9302 1.135 -1.0164 -1.1453
031 .0908 -.7062 1.06 1.3655 036 1.8673 1.309 -1.2044 -2.1537
032 -.7991 -.7223 .39 -.5064 037 1.7632 -1.2477 .1382
033 -.3440 2.5413 -1.69 1.4997 088 2.6022 1.209 3.5340 -.0504
034 -.0333 -.4149 .78 -.0858 039 2.1317 .517 1.0479 1.1177
035 -1.9440 3.3884 -1.73 2.3374 090 .9025 1.4023 1.1387
036 -.7950 -.1657 .29 -.2309 091 1.0666 .175 .0498 .1809
037 -.8433 -.6308 .06 .0625 092 4.5487 2.369 .1630 -2.2761
033 -1.5263 .4296 -.5681 093 .6038 .346 -1.1202 -1.0638
039 -.7014 -.0044 .50 -.3017 094 1.7582 .296 .2313
040 -1.1776 -1.9051 .36 .1223 095 .8166 .431 .0713
041 -1.4045 -.3620 1.53 -.1189 096 .3284 .7042
042 -.9732 -.6454 .52 -.0558 097 .3497 .'276 . 4493 .6214

043 -.3313 1.1479 3.74 -.4734 097* 1.5225 .306 .7094 .9078
043a -.5516 -.3402 .72 .0587 098 .3702 -1.009 .8891

044 -1.1099 .6737 .69 .0101 099 .2077 -1.167 .4873
045 -1.6432 .6610 1.15 .4812 100 -.1795 -1.1177 -.4200
046 .5590 -.3185 .03 -.4706 101 -.8997 .974 .6736 -.2515
047 . 2475 .3828 1.66 -.4634 102 .6874 -1.8433 -.7596
043 .0340 -.0909 1.31 -.6353 . 103 1.7854 ’.023 -2.4079 -.7443
049 -1.1168 -.7967 -1.02 -1.4176 104 . 3604 .6770 1 .6622
050 .1173 .5245 1.03 -.3244 105 -.5730 -1.121 -1.0251 -.3977
051 -.2526 .0666 .17 -1.1706 106 .0465 -1.090 . 7344
052 -.1255 .3439 .58 -.2434 107 .1761 -1.250 .9305
053 -.8109 .6463 .54 .2182 103 -.6593 -1.333 -2.0620 -.1358
054 -.2037 .2805 .61 -.3966 109 .5284 .169 -.9069
055 -.6382 -.1108 .33 -.2045 110 -.4553 -1.3901 -1.0901
056 -1.1272 -1.5283 -.2082 111 .0719 -1.2757 -.7077
057 -.8028 -.6353 1.35 . 4543 112 .9444 -1.4755 .4708
053 -1.3197 1.2583 .60 -1.3043 113 .0267 .0630
059 -1.4933 .9543 .66 -.2567 114 -.2049 -1.277 -1.6310 .6252
060 .6558 .2968 .78 .5232 , 115 .6669 .8210
061 -.5701 -.5054 -.4095 : 116 .6155 .2569 1.2353
062 -.5607 .2253 .37 -1.0242 117 -.4984 -1.315 .2896 1.3010
063 -1.0741 1.2262 . 2422 113 -.3467 -1.329 .2993
064 -.3094 -.0460 -.4439 119 .3028 .2215
065 .0426 .2321 1.27 . 5049 120 . 805 1 -1.046 .3469 1.0983
066 -.4532 .5593 .44 .4004 OtlGlN -11.5271 3.883 1.8220 -.1183
067 -.3952 -.0254 .06 -.1943

0671 -.9646 .4340 ,90 .4144
063 -2.2010 1.2670 .83 -.9987
069 -.3456 .0693 .76 -1.1302
070 -.2165 . 4034 -.00 -.8536
071 -.1679 .1694 -.64 -.4805
072 -.0190 . 2785 .62 -1.8696
073 -.4279 1.0481 -.94 -1.1180
074 -.8405 .6808 -.87 -.8972
075 1.9311 .8634 -.18 -1.9341
076 -.3668 -1.0020 -.9328
077 -.4318 .3934 .55 -1.1584
078 .6036 -.6936 1.13 1.0562
079 -.6220 -.5540 -.92 -1.0573
030 .3914 -.2376 .98 .7814
081 .4901 -.7804 -.08 .7005
082 -.3230 -.6143 -.30 -.3048
033 -.3533 .6544 -.67 -1.0310
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Appendix 4.1 continued

b) 117 sites and 12 variables
Environmental variable loadings

NAME AXl AX2 AI3 AX4

EIG .4347 .2110 .1076 .0787

PB .5225 -.7189 -.0120 .2613
Alt .6966 -.5724 .0507 .3175

COND .9373 -.2531 -.0317 .0063
NA .7410 .4942 -.1913 .0293

K . 7257 . 4833 .1435 .2255
CA .7359 -.6133 .0615 -.0011
MG .7904 . 3727 -.2751 -.1251
CL .7410 .4249 -.1461 -.0792

S04 .7696 .0372 -.1370 -.3475
V03 .2943 -.2705 .4991 -.7149

ABS-2S0 .2593 .5882 .4035 .2002
TP .2064 .1706 .8361 .1710

Sample scores

NAME All AX AX

EIG .4347 .2110 .1076 .0787

001 2.0470 .3850 -1.2290 .8791
002 2.7157 .9770 2.7445 .2251
003 .0955 -1.2639 .9961 -.2429
004 -.0331 -1.4785 .1229
005 .2132 -1.0331 -.3645
006 1.0485 -.1965 .0661 .7266
007 .6784 -1.1168 . 2326 -.3982
008 .0616 -.4504 .1851
009 .4862 -.9492 1.2690 -.2703
010 .1622 -.6916 .0517 -.1049
Oil .4959 .4534 .6957
012 -.1897 -1.4035 .6590 .7562
013 -.7663 .0226 .9071
014 1.6068 -.4079 .5032
015 .7886 .0541 .5034 -.5689
016 .1921 -.7942 1.1215
017 -.4313 -2.0611 .0896
018 .4823 -.7358 -.5000
019 -.0135 -1.4409 .9006 -.1764
022 -1.5605 -.3848 .3757 .0007
023 -1.0107 .0418 .5644 .6256
024 -.2246 -.2932 .7410 .3970
025 -.7607 1.1575 .0360
026 - 1.1579 -.2217 -1.1310 -.5234
027 -.4195 .6955 .8922 -.7559
029 .0367 .5973 -.2856
030 -.9168 1.2756 -1.2252 1.9041

AX4
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Appendix 4.1 continued

b) 117 sites and 12 variables
Sample scores

KAKE
031
032 
034
036
037
038
039
040
041
042 

043 
043a

044
045
046
047
048
049
050
051
052
053
054
055
056
057
058
059
060 
061 
062
063
064
065
066
067 

0671
068
069
070
071
072
073
074
075
076
077
078
079
080 
081 
082
083
084
085

- 2

- 2

AI4 NAKE All All AI3 A24
.8597 086 2.0375 1 -2.5785 2.4380
.5334 087 1.9780 -.9120 •1.1523
. 5855 088 2.5519 1 2.6701 2.2459
.0130 089 1.1893 1 1.2276 -.4288

090 .9105 1.6153 1.2040
091 1.0800 .0652 -.8245
093 .6586 •1,5803 -.4283

1.1981 094 1.7852 -.0480 •1.1592
.0765 095 .7559 -.7285 •1.3887
.6824 096 .2813 - .2782 •1.0693

1.6516 097 .7769 .6119 •1.5317
097* 1.5163 .8113 .8401

•1.1487 098 . 5286 -1 . 2878 -.3194
-1.6671 099 .4065 -1 .1529 -.3645

100 .0263 -1 •1.0362 1.4262
.1082 101 •1.1607 .1482 • I . 1118
.7926 102 .9047 •2.0251 -.1956

2.8369 103 1.9956 •2.3851 -.8729
104 .3596 1.4576 -.0163

.8194 105 -.4232 • 1 -.6724 •1.2569
106 .1765 -1 .5394 -.8566

•1.1232 107 .3507 -1 .6043 -.7344
108 -.4759 -1 •1.3690 •1.5947

.1906 109 .6000 •1.2518 .3632

.2810 110 -.3284 •1.5510 -.4420

.3997 111 .1612 •1.4588 -.2703
1.6643 112 1.1149 •1.0999 -.4537

113 .1110 -.8206 .5820
114 -.0432 -1 -.7522 •1 .8791

1.3957 115 .8361 .1256 •1.0244
.5661 116 .6383 .8807 -.9620

•2.5725 117 -.3960 -1 1.0985 .1647
118 -.1728 -1 .0184 -.2375

.1948 119 .4396 .0359 -.1909
120 1.0367 1.0631 -.7065
020 •1.7957 •1.1095 •4.3126
021 •2.2339 -1.5950 •4.0704

1.5402 028 •1.0196 •1.5869 •1.6369
1.6602 033 •1.6265 •1.9422 •1.8191

.2118 035 •3.1539 •1.9640 •3.4993
•1,0389 092 4.6535 •1.3700 -.8949

1.8461 OlIGIK •13.7800 .1106 •3.3098

828
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Appendix 4.1 continued

c) 31 sites and 16 variables
Environmental variable loadings

lANE All AI2 AI3 Alt

EIG .3218 .2112 .1393 .1100

PB .3306 .t572 . 2707 .4827
COID .931t .Ott5 .2760 -.0374

ALE . 5650 .5792 .3877 .2511
SIP .Ott5 .7025 -.5863 .0016

IP .1628 .7766 -.5313 -.0408
Si02 - .0 t99 .7975 -.1289 -.1935

103 -.2817 .3749 .4097 -.4859
lA .8037 -.2670 -.3034 -.3215

E .8766 .0248 -.2398 -.0707
KG .8255 -.2896 .1163 -.2732
CA .t396 .3589 .5604 .3796
CL .7796 -.3708 -.2772 -.2603

sot .8396 -.0417 .2675 .0434
CHL a .2696 .6124 -.2864 -.1094

Kaz dept .0568 -.2113 -.2450 .7270
Secchi ■ .2 t8 t -.3417 -.5929 .5004

Sample scores

lAMS All AI2 AI3 Alt

EIG .3218 .2112 .1393 .1100

004 -.1367 -.0879 .8244 1.3107
007 .8034 .7400 .1903 .0518
031 .2423 2.0036 -.2338 .1414
034 .0298 1.1219 -.9779 -.2654
037 -1.1366 .8693 1.2010 -.2721
042 -1.2228 .3045 -.0273 .9833
050 -.3436 -.6280 -.5903 -1.9087
053 -1.1349 -.3796 -1.3435 -.5512
057 -1.4393 1.0644 -.0599 -1.1095
058 -1.6314 -1.5806 -.9250 .3211
065 .1582 .7922 -1.7207 -.6574
069 -.3280 -.1111 -1.5010 .5766
073 -.4474 -.2519 -1.2671 -.5334
074 -1.0711 -.9835 -.9032 -1.2484
076 -.2429 .4920 .7523 .1545
079 1.8649 -1.4341 .5665 -.4417
082 -.0938 .5891 -.5570 .9802
083 .1906 -1.8337 .1832 -.2247
085 .8060 -.9181 -.8387 -1.0452
086 2.3865 -.1907 -.0792 -.5220
088 2.2709 -.3534 -.2436 -.4055
098 .5506 1.4498 .1922 -.0944
100 .7978 1.0285 .2984 -.2016
101 -.3980 -1.7739 .5454 .2635
105 -1.0017 -.2680 1.8216 . 3661
107 .0845 .7165 .7574 .0666
108 -.8198 .4423 2.0297 -.9016
112 1.1978 -.1637 1.3806 -.4101
113 .4490 -1.1518 -.7711 3.6868
114 -.5765 -.9579 1.9532 .2809
120 .1924 1.4535 -.6569 1.6094

[I -12.0735 -4.6077 -3.8811 -3.0701
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APPENDIX FOUR 

Appendix 4.2 Scatter plots between the spot sample from 1990 and the 
winter mean values from the seasonal chemistry data-set 
for a) conductivity (cond) in pS cm ' and b) TP in pg 1̂
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APPENDIX FIVE Complete list of diatom taxa identified with diatcodes and 
authorities

ACOOIA
ACOOIB
AC002A
AC006A
AC008A
AC012A
AC013A
AC013E
AC014C
AC023A
AC032A
AC035A
AC049A
AC9957
AC9958
AC9959
AC9960
AC9961
AC9999
AMODIA
AM004A
AM008A
AMOllA
AM012A
AM9999
AN004A
AN009A
AN9999
APOOIA
AP002A
ASOOIA
AUOOIB
AU002A
AU003B
AU005A
AU9999
BAOOIA
BROOIA
CA004B
CA012A
CCOOIA
CC002A
CC9997
CC9999
CLOOIA
CMOOIA
CM002A
CM003A
CM004A
CM006A
CM016A
CM022A
CM029A
CM030A

[* 102 taxa in the training set, ie. taxa with a relative abundance of > 1% in 
a minimum of 2 samples]

Achnanthes lanceolata (Breb. ex Kutz.) Grun. in Clave & Grun. 1880 
Achnanthes lanceolata rostrata (Ostr.) Hust. 1911 
Achnanthes linearis (W. Sm.) Grun. in Cleve & Grun. 1880 
AchnanAies clevei clevei Grun. in Cleve & Grun. 1880 
Achnandies exigua Grun. in Cleve & Grun. 1880 
Achnanthes afhnis Grun. in Cleve & Grun. 1880 
Achnanthes minutissima minutissima Kutz. 1833 
Achnanthes minutissima robusta Hust. 1937 
Achnandies austriaca helvetica Hust. 1933 
Achnanthes conspicua conspicua A. Mayer 1919 
Achnandies hungarica (Grun.) Grun. in Cleve & Grun. 1880 
Achnandies pusilla pusilla Grun. in Cleve & Grun. 1880 
Achnanthes plonensis Hust. 1930 
Achnandies [sp. C] H. Bennion 1992 
Achnanthes [sp. B] H. Bennion 1992 
Achnanthes [cf. linearis] H. Bennion 1992 
Achnanthes [cf. kryoidiila] H. Bennion 1992 
Achnanthes [cf. minutissima] H. Bennion 1992 
Achnanthes sp.
Amphora ovalis ovalis (Kutz.) Kutz. 1844 
Amphora veneta veneta Kutz. 1844 
Amphora thumensis (Mayer) A. Cleve
Amphora libyca Ehr. •
Amjdiora pediculus (Kutz.) Grun. *
Ampdiora sp.
Anomoeoneis vitrea (Grun.) R. Ross in Patr. & Reimer 1966 
Anomoeoneis sjiiaerophora sphaerophora (Ehrenb.) Pfitz. 1871 
Anomoeoneis sp.
Amphipleura pellucida (Kutz.) Kutz. 1844 *
Amphipleura rutilans (Trentepohl ex Roth) Cleve 1894
Asterionella formosa foimosa Hass all 1850 *
Aulacoseira italica subaictica (O. Mull.) Simonsen 1979
Aulacoseira ambigua (Grun. in Van Heurck) Simcxisen 1979 ♦
Aulacoseira granulata angustissima (O. Mull.) Simonsen 1979 *
Aulacoseira distans distans (Ehrenb.) Simonsen 1979
Aulacoseira sp.
Bacillaria paradoxa Gmelin in Linnaeus 1788 
Brachysira vitrea (Grun.) R. Ross in Hartley 1986 
Calcmeis sdiumanniana biconstricta Grun.
Caltxieis ventricosa (Ehrenb.) Meister 1912
Cycloste^Aanos dubius (Fricke in A. Schmidt) Round 1982 *
Cyclostephanos invisitatus Theriot Stoermer & Hakansson comb. nov. 1987 * 
Cyclostephanos [cf. tholiformis] H. Bennicm 1992 ♦
Cyclostephanos sp.
Cymatopleura solea (Breb. & Godey) W. Sm. 1851
Cymbella ventricosa (coarse type only) Kutz. 1844 *
Cymbella turgida Greg. 1856 
Cymbella sinuata sinuata Greg. 1856
Cymbella microcepdtala microcephala Grun. in Van Heurck 1880 *
Cymbella cistula cistula (Ehrenb. in Hempr. & Ehrenb.) Kirchner 1878
Cymbella amphicephala amphicephala Naegeli ex Kutz. 1849
Cymbella affinis Kutz. 1844
Cymbella efarenbergii Kutz. 1844
Cymbella proxima Reimer 1966

4 0 6



CM031A Cymbella minuta minuta Hilse ex Rabenh. 1862
CM048A Cymbella lunata W. Sm. in Grev. 1855
CM9999 Cymbella sp.
COOOIA Cocconeis placœtula placentula Ehrenb. 1838
COOOIB Cocconeis placentula euglypta (Ehrenb.) Grun. 1884
COOOIC Cocconeis placentula lineata (Ehrenb.) Van Heurck 1885
C0005A Cocconeis pediculus Ehrenb. 1838
C0006A Cocccmeis diminuta Pant. 1902
C09999 Cocconeis sp.
CY002A Cyclotella pseudostelligera Hust. 1939
CY003A Cyclotella meneghiniana meneghiniana Kutz. 1844
CY009A Cyclotella ocellata Pant. 1902
CYOllA Cyclotella atomus Hust. 1937
CY019A Cyclotella radiosa (Grunow) Lemmennan/Hâkansson 1988
DP003A Dipl<xieis oculata (Breb.) Cleve 1894
DP007A Diplcxieis oblongella oblongella (Naegeli ex Kutz.) R. Ross 1947
DP021A Diploneis bombus (Ehrenb.) Ehrenb. ex Cleve 1894
DTOOIA Diatoma elongatum (Lyngb.) Ag. 1824
DT9999 Diatoma sp.
EP004A Epithemia turgida turgida (Ehrenb.) Kutz. 1844
EP007A Epithemia adnata adnata (Kutz.) Rabenh. 1853
EP007B Epithemia adnata minor (Perag. & Herib.) Patrick 1975
EP007F Epithemia adnata proboscidea (Kutz.) Hendey 1954
EP9999 Epithemia sp.
EUOOIA Eunotia veneris (Kutz.) O. Muller
EU002A Eunotia pectinalis pectinalis (O.P. Mull.) Rabenh. 1864
EU002D Eunotia pectinalis undulata (Ralfs) Rabenh. 1864
EU002E Eunotia pectinalis minor impressa (Ehr.) Hust.
EU003A Eunotia prærupta praerupta Ehrenb. 1843
EU004A Eunotia tenella (Gnm. in Van Heurck) A. Cleve 1895
EU006A Eunotia lunaris (Ehrenb.) Grun. in Van Heurck 1881
EU009A Eunotia exigua exigua (Breb. ex Kutz.) Rabenh. 1864
EU018A Eunotia fonnica Ehrenb. 1843
EU030A Eunotia gracilis (Ehrenb.) Rabenh. 1864
EU9936 Eunotia [cf. veneris] H. Bennion 1992
EU9937 Eunotia [cf. pectinalis] H. Bennion 1992
EU9999 Eunotia sp.
FROOIA Fragilaria pinnata pinnata Ehrenb. 1843
FROOIE Fragilaria pinnata intercedens (Grun. in Van Heurck) Hust. 1931
FROOIK Fragilaria pinnata accuminata (A. Mayer) Regenbogen
FR002A Fragilaria construens ccxistruens (Ehrenb.) Grun. 1862
FR002B Fragilaria construens binodis (Ehrenb.) Grun. 1862
FR002C Fragilaria construens venter (Ehrenb.) Grun. in Van Heurck 1881
FR003A Fragilaria bicapitata A. Mayer 1917
FR005A Fragilaria virescens virescens Ralfs 1843
FR005D Fragilaria virescens exigua Grun. in Van Heurck 1881
FR006A Fragilaria brevistriata brevistriata Grun. in Van Heurck 1885
FR006E Fragilaria brevistriata capitata (Herib.) Bass
FR007A Fragilaria vaucheriae vaucheriae (Kutz.) J.B. Peteisen 1938
FR009A Fragilaria capucina capucina Desm. 1825
FR009B Fragilaria capucina mesolepta (Rabenh.) Rabenh. 1864
FR014A Fragilaria leptostauron leptostauron (Ehrenb.) Hust. 1931
FR014B Fragilaria leptostauron dubia (Grun.) Hust. 1931
FR018A Fragilaria elliptica Schum. 1867
FR019A Fragilaria intennedia Grun. in Van Heurck 1881
FR019B Fragilaria intermedia ccxitinua Mayer 1937
FR9978 Fragilaria [cf. intermedia] H. Bennion 1992
FR9999 Fragilaria sp.
FUOOIA Frustulia vulgaris vulgaris (Thwaites) De Toni 1891
FU002B Frustulia ihomboides saxonica (Rabenh.) De Toni 1891
GOOOIA Gomphonema olivaceum (Homemann) Breb. 1838
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GOOOIC Gcrniphonema olivaceum minutissima Hust.
00003A  Gkmtphonema angustatum angustatum (Kutz.) Rabenh. 1864 *
G0003B Gomj^onema angustatum productum Grun. in Van Heurck 1880 *
G0004A Gomphonema gracile Ehrenb. 1838
G0006A Gom^Aonema acuminatum acuminatum Ehrenb. 1832
GOOlOA Gomi^onema constrictum Ehrenb. ex Kutz. 1844
GO013A Gomphonema parvuhim parvulum (Kutz.) Kutz. 1849 ♦
GO014B Gomphooana intricatum pumilum Grun. in Van Heurck 1880
GO019A Gomphonema augur Ehr.
G0020A Gomi^onema affine affine Kutz. 1844
GO029A Gomi^onema clavaium Ehr.
G0050A Gomphonema minutum (Ag.) Ag. 1831 ♦
GO066A Gompdionema tergestinum (Gnm. in Van Heurck) Fricke in A. Schmidt 1902
G09999 Gom{^onema sp. ♦
GYOOIA Gyrosigma attenuatum (Kutz.) Rabenh. 1853
GY005A Gyrosigma acuminatum (Kutz.) Rabenh. 1853 ♦
GY017A Gyrosigma macrum (W. Sm.) Griffith & Henfrey 1856
GY020A Gyrosigma paikeri (Harrison) Elmore 1921 ♦
GY025A Gyrosigma scalproides (Rabenh.) Cleve 1894
GY9999 Gyrosigma sp.
ME015A Melosira varians Ag. 1827
MROOIA Meriditm circulare circulate (Grev.) Ag. 1831 ♦
NA003A Navicula radiosa radiosa Kutz. 1844 *
NA003B Navicula radiosa tenella (Breb. ex Kutz.) Grun. ex Van Heurck 1885 *
NA004A Navicula hungarica Grun. 1860 *
NA004B Navicula hungarica capitata (Ehrenb.) Cleve 1895 *
NA005A Navicula seminulum Grun. 1860 ♦
NA007A Navicula ciyptocej^ala cryptocephala Kutz. 1844 ♦
NA007B Navicula cryptocephala veneta (Kutz.) Rabenh. 1863 ♦
NA007E Navicula cryptocephala intermedia Grun. in Van Heurck 1880
NA008A Navicula rhyncocephala rhyncocephala Kutz. 1844 *
NA009A Navicula lanceolata (Agardh) Kutz. *
NAOlOA Navicula pygmaea Kutz. 1849
NA014A Navicula pupula pupula Kutz. 1844 *
NA021A Navicula cincta (Ehrenb.) Ralfs in Pritch. 1861
NA022A Navicula halophila halophila (Grun. ex Van Heurck) Cleve 1894 ♦
NA023A Navicula gregaria Donk. 1861 *
NA024A Navicula oblonga oblonga (Kutz.) Kutz. 1844
NA026A Navicula reinhardtii reinhardtii Grun. in Van Heurck 1880
NA027A Navicula viridula viridula (Kutz.) Ehrenb. 1836
NA029A Navicula gracilis Ehrenb. 1830
NA030A Navicula menisculus menisculus Schum. 1867 *
NA030C Navicula menisculus upsaliensis Grun. in Cleve & Grun. 1880 *
NA031A Navicula dicephala Ehrenb. 1838
NA042A Navicula minima minima Grun. in Van Heurck 1880 *
NA045A Navicula bryophila bryo^ila J.B. Petersen 1928
NA050A Navicula dementis dementis Grun. 1882
NA055A Navicula graciloides A. Mayer 1919
NA056A Navicula cuspidata cuspidata (Kutz.) Kutz. 1844 *
NA057A Navicula elginensis dginensis (Greg.) Ralfs in Pritch. 1861 *
NA063A Navicula trivialis Lange-Bertalot 1980
NA064A Navicula exilis Kutz. 1844 *
NA066A Navicula cq>itata capitata Ehrenb. 1838
NA071A Navicula badllum bacillum Ehrenb. 1840
NA080A Navicula slesvicensis Grun. in Van Heurck 1880
NA084A Navicula atomus (Kutz.) Grun. 1860
NA086A Navicula tantula Hust. 1943
NA088A Navicula meniscus Schum. 1867
NA095A Navicula tripunctata tripunctata (O F. Mull.) Bory 1822
NA096A Navicula accomoda Hust. 1950
NA102A Navicula laevissima Kutz. 1844
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NA114A Navicula subrotundata Hust 1945
NA119A Navicula placentula placentula (Ehrenb.) Kutz. 1844
NA134A Navicula subminuscula Manguin
NA152A Navicula lq>idosa Krasske 1929
NA166A Navicula submuralis Hust
NA281A Navicula clementioides Hust. 1944
NA294A Navicula constricta Grun. 1860
NA417A Navicula helensis Schulz 1926
NA676A Navicula tenera Hust. 1937
NA739A Navicula monoculata Hust 1945
NA741A Navicula subplacentula Hust. in A. Schmidt et. al. 1930
NA742A Navicula duerrenbergiana Hust. in A. Schmidt et. al. 1934
NA743A Navicula subrhyncocephala Hustedt 1935
NA744A Navicula pseudoanglica Lange-Bertalot 1985
NA9878 Navicula [cf. atomus] H. Bennion 1992
NA9879 Navicula [cf. minisculoides] H. Bennion 1992
NA9880 Navicula [sp. G] H. Bennion 1992
NA9881 Navicula [sp. F] H. Bennion 1992
NA9882 Navicula [sp. E] H. Bennion 1992
NA9883 Navicula [sp. D] H. Bennion 1992
NA9884 Navicula [sp. C] H. Bennion 1992
NA9885 Navicula [sp. B] H. Bennion 1992
NA9999 Navicula sp.
NE003A Neidium affine affine (Ehrenb.) Pfitz. 1871
NI002B Nitzschia fonticola pelagica Hust.
NI005A Nitzschia perminuta (Grun. in Van Heurck) M. Perag. 1903
NI006A Nitzschia sigma sigma (Kutz.) W. Sm. 1853
NI007A Nitzschia hungarica Grun. 1862
NI008A Nitzschia frustulum (Kutz.) Grun. in Cleve & Grun. 1880
NI008F Nitzschia frustulum perpusilla (Rabenh.) Grun. in Van Heurck 1881
NI009A Nitzschia palea palea (Kutz.) W. Sm. 1856
NIOllA Nitzschia commutata Grun. in Cleve & Grun. 1880
NI013A Nitzschia tryblionella tryfolionella Hantzsch in Rabenh. 1860
NI013G Nitzschia tryblionella salin arum Grun. in Cleve & Grun. 1880
NI014A Nitzschia amphibia amphibia Grun. 1862
NI015A Nitzschia dissipata (Kutz.) Grun. 1862
NI017A Nitzschia gracilis Hantzsch 1860
NI018A Nitzschia dubia W. Sm. 1853
NI020A Nitzschia angustata angustata (W. Sm.) Grun. in Cleve & Grun. 1880
NI020B Nitzschia angustata acuta Grun. in Cleve & Grun. 1880
NI021A Nitzschia acula Hantzsch ex Cleve & Grun. 1880
NI023A Nitzschia scalaris (Ehrenb.) W. Sm. 1853
NI025A Nitzschia recta Hantzsch ex Rabenh. 1861
NI026A Nitzschia romana Grun. in Van Heurck 1881
NI028A Nitzschia capitellata Hust. 1930
NI031A Nitzschia linearis linearis W. Sm. 1853
NI033A Nitzschia paleacea (Grun. in Cleve & Grun.) Grun. in Van Heurck 1881
NI042A Nitzschia acicularis (Kutz.) W. Sm. 1853
NI043A Nitzschia inconspicua Grun. 1862
NI044A Nitzschia intermedia Hantzsch ex Cleve & Grun. 1880
NI046A Nitzschia sigmoidea (Nitzsch) W. Sm. 1853
NI057A Nitzschia acicularioides Archibald 1966
NI063A Nitzschia agnita Hust. 1957
NI072A Nitzschia bremensis bremensis Hust. 1930
NI076A Nitzschia calida Grun. in Cleve & Grun. 1880
NI083A Nitzschia constricta (Kutz.) Ralfs in Pritch. 1861
NI127A Nitzschia levidensis (W. Sm.) Grun. in Van Heurck 1881
NI152A Nitzschia pusilla Grun. 1862
N il 53A Nitzschia radicula Hust. 1942
NI171A Nitzschia subacicularis Hust. 1937
NI191A Nitzschia perspicua Cholnoky 1960
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NI195A Nitzschia supralitorea Lange-Bertalot 1979
NI196A Nitzschia palea débilis (Kutz.) Grun, 1880 ♦
NI198A Nitzschia lacuum Lange-Bertalot 1980 *
NI199A Nitzschia angustatula Lange-Bertalot 1987 *
NI9960 Nitzschia [sp. H] H. Bennion 1992
NI9961 Nitzschia [sp. G] H. Bennion 1992
NI9962 Nitzschia [sp. F] H. Bennion 1992
NI9963 Nitzschia [sp. E] H. Bennion 1992
NI9964 Nitzschia [sp. D] H. Bennion 1992
NI9965 Nitzschia [sp. C] H. Bennion 1992
NI9966 Nitzschia [sp. B] H. Bennion 1992
NI9967 Nitzschia [sp. A] H. Bennion 1992
NI9968 Nitzschia [cf. frustulum] H. Bennion 1992
NI9969 Nitzschia [cf. paleacea] H. Bennion 1992
NI9970 Nitzschia [cf. hungarica /  fat] H. Bennion 1992
NI9971 Nitzschia [cf. palea /  small] H. Bennion 1992
NI9972 Nitzschia [cf. subacicularis] H. Bennion 1992
NI9973 Nitzschia [cf. bacillum] H. Bennion 1992
NI9974 Nitzschia [cf. romana] H. Bennion 1992
NI9975 Nitzschia [cf. perminuta] H. Bennion 1992
NI9976 Nitzschia [cf. gracilis] H. Bennion 1992
NI9999 Nitzschia sp. *
OPOOIA Opephora martyi Herib. 1902
PIOOIA Pinnularia gibba (Ehrenb.) Ehrenb. 1843
PI004A Pinnularia interrupta W. Smith
PI005A Pinnularia major major (Kutz.) W. Sm. 1853
PI007A Pinnularia viridis viridis (Nitzsch) Ehrenb. 1843
PIOllA Pinnularia microstauron microstauron (Ehrenb.) Cleve 1891
PI014A Pinnularia appendiculata (Ag.) Cleve 1896
PI030A Pinnularia acoricola Hust.
PI9979 Pinnularia [cf. l^pmica] H. Bennion 1992
PI9999 Pinnularia sp.
PL050A Pleurosigma salinarum (Grun.) Grun. in Cleve & Grun. 1880
PL9999 Pleurosigma sp.
RCOOIA Rhoicosphenia curvata (Kutz.) Grun. 1860
RHOOIA Rhopalodia gibba gibba (Ehrenb.) O. Mull. 1895
SAOOIA Stauroneis anceps anceps Ehrenb. 1843
SAOOIB Stauroneis anceps gracilis Rabenh. 1864
SA003A Stauroneis smithii smithii Grun. 1860
SA006A Stauroneis phoenicenteron phoenicenteron (Nitzsch) Ehrenb. 1943
SAOllA Stauroneis pygmaea Krieger
SA9996 Stauroneis [cf. agrestis] H. Bennion 1992
SA9999 Stauroneis sp.
STOOIA Stephanodiscus hantzschii Grun. in Cleve & Grun. 1880
ST002A Stephanodiscus hantzschii forma tenuis (Hust.) Hâkansson & Stoermer stat nov. 1984
STOlOA Stephanodiscus parvus Stoermer & Hakansson 1984
ST9999 Stephanodiscus sp.
SUOOIA Surirella angusta Kutz. 1844
SU002A Surirella ovata ovata Kutz. 1844
SU002C Surirella ovata crumena (Breb. ex Kutz.) Hust. 1930
SU004B Surirella biseriata bifrons (Ehrenb.) Hust. 1911
SU005A Surirella linearis linearis W. Sm. 1853
SU012A Surirella elegans Ehrenb. 1843
SU016A Surirella minuta Breb. ex Kutz. 1849
SU017A Surirella amphioxys W. Sm. 1856
SU073B Surirella brebisonii kuetzingii Krammer & Lange-Bertalot 1987
SU9999 Surirella sp.
SYOOIA Synedra ulna ulna (Nitzsch) Ehrenb. 1836
SYOOIC Synedra ulna danica (Kutz.) Van Heurck 1885
SY002A Synedra rump>ens rumpxns Kutz. 1844
SY003A Synedra acus acus Kutz. 1844
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SY003C Synedra acus angustissima (Grun. in Van Heurck) Van Heurck 1885
SY005A Synedra fasciculata (Ag.) Kutz. 1844
SY007A Synedra amphicephala amphicephala Kutz. 1844
SY008A Synedra pulchella puldiella Ralk ex Kutz. 1844
SYOlOA Synedra minuscula Grun. in Van Heurck 1881
SY015A Synedra tabulata (Ag.) Kutz. 1844
SY9999 Synedra sp.
TAOOIA Tabellaria flocculosa flocculcsa (Roth) Kutz. 1844
TA002A Tabellaria fenestrata (Lyngb.) Kutz. 1844
UN9991 Unknown [Centric sp. 3] H. Bennion 1992
UN9992 Unknown Aulacoseira [sp. 1] H. Bennion 1992
UN9993 Unknown [Centric sp. 1] H. Bennion 1992
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APPENDIX SIX Canonical correspondence analysis (CCA) results: correlation 
matrix, summary statistics, species and sample scores, and 
environmental variable loadings for all CCA analyses described 
in Chapter 6

a) 31 sites and 15 variables as annual means 
Correlation matrix

SPEC All 1.0000

SPEC A13 .0222 .0110 1.0000
SPEC Alt - .0112 -.0519 - .0 1 5 t 1.0000
EEVI All .W5t .0000 .0000 .0000 1.0000
EI7I A12 .0000 .8t85 .0001 .0000 . 0000 1.0000
EiVI AI3 .0000 .0000 .9025 -.0001 .0000 .0000 1.0000
ERVI Alt .0000 .0000 .0000 . 9500 .0000 .0000 .0000 1.0000

PH .09t3 .0078 - . t 8 0 t .5 t t9 .0997 .0092 -.5323 .5575
CORD .1523 .0358 -.3220 .1558 .1511 .0t22 -.3558 .1727
ALK -.1839 . l t t 2 - . t2 10 .3352 - .1 9 t5 .1599 - . t5 55 .3t92
SEP -.2323 -. t7 98 - . 3 2 t t .35t2 - .2 t57 - .5 5 5 t - .3 5 9 t . 3589
TP -.3290 - . t l 7 0 - . 5 0 t t .1718 -.3 t80 - . t 9 1 t -.5589 .1789

SI02 -. t076 -.0253 -.2833 -.0295 -. t311 -.0310 - .3 1 t0 -.0308
103 -.0tS3 -.098 t .0382 -.0913 -.0511 -.1159 .Ot2t -.0951

RA .2881 -.3213 -.1751 -.0935 .30t7 -.3785 -.1951 - .0 9 7 t
I . t l t f i -.2571 -.519 t .0553 .t385 -.3030 -.5755 .0585

KG .3815 .0121 -.1078 -.0013 .t099 .01t2 - .1 1 9 t -.0013
CA -.2157 .2032 - . l t 7 0 .3357 -.2292 .239t -.1529 .3t97
CL .3 3 t t -.3155 -.0557 -.1577 . 3535 -.3731 -.0739 -.1 7 t7

sot .1202 .0259 -.2511 .2585 .1272 .0305 -.2783 .2798
CHL a -. t601 -.2077 - .3 8 7 t -.1152 - . t8 57 - . 2 t t 8 - . t2 93 -.1210

Kai depth -.2923 -.38 t9 .3525 .1505 -.3092 - . t5 35 .t018 .1573

SPEC All SPEC A12 SPEC A13 SPEC Alt ERYI All ERVI A12 ERVI A13 ERVI Alt

PH 1.0000
CORD .338t 1.0000
ALI .5t02 .5857 1.0000
SEP .2277 -.0991 .1552 1.0000

TP .2585 .0299 .2725 .9215 1.0000
SI02 .0855 .0221 . t l 2 0 .5123 .5829 1.0000

103 -.0801 -.Ot59 .0911 -.0090 .0285 . t l9 0 1.0000
RA - . 0 5 t l .5701 .0903 .0559 . 097t -.1932 -.2195 1.0000

I .3 t l9 ,70t3 .3t81 .2t05 .3305 -.0059 -.3001 .7t81
MG -.0731 .775t . 2575 -.2107 -.1321 -.1780 -.1353 .7003
CA .t750 .5779 .7202 -.0 t25 .0817 .1097 .02t9 -.01 t5
CL -.0829 .5 t t0 .0322 -.0535 -.01 t5 -.2505 -.2 t30 .9728

sot .2559 .8058 . t t50 -.1002 .0517 -.1513 - . l t 0 7 .50t0
CEL a .2022 .1758 .385t . t t 5 5 .505t .t570 .0215 .I5 2 t

Max depth .0723 -.0955 -.1252 .0 9 t t -.0073 -.1353 -.3299 .Ot55

PH CORD ALI SEP TP SI02 RG3 RA

1 1.0000
MG .5857 1.0000
CA .1905 .1825 1.0000
CL .7185 .5620 -.0025 1.0000

sot .6t50 .8087 .5375 .t885 1.0000
CHL a .1798 .0135 .1837 .0893 .1285 1.0000

Max depth - .1 0 t2 -.1525 -.1055 .1250 - . o t o t .Ot93 1.0000

1 MG CA CL sot CEL a Max depth
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APPENDIX SIX continued

a) 31 sites and 15 variables as annual means
Summary statistics

name (veigh tedj mean s tand ,  dev. i n f l a t i o n  fac tor
Species scores

PH
COID

ALI
SIP

IP
SI02

103
lA
1

KG 
CA 
CL 

S04 
CHL a 

Mai depth

Species scores

7.7384
2.6729

.3177
1.4054
2.1335

.1790

.1656
2.9978
2.0779
2.6744
3.4688
3.0535
3.0626
1.6850

.1848

4761 8.6830
1894 30.5505
3010 16.1092
6757 20.0550
3723 31.3071
3820 4.2452
2722 2.2195
3263 61.3298
3664 15.4750
3162 28.7747
2191 7.4086
3013 58.8466
3188 22.5402
5494 2.8896
3150 3.0679

lANE All AI2 AI3 AI4

EIG .4239 .3830 .3012 .2505

AC OOIA .5016 -.3680 .1466 . 5482
AC OOIB -.3303 1.2296 .0877 -.0694
AC 006A -.2498 1.2328 -.1641 .1289
AC 012A .1217 .5662 .1708 .0446
AC 013A . 3792 .1894 .7682 -.1462
AC 023A -.2131 .2140 -.1409 .2288
AC 032A -.1507 -.4557 .4104 -.6614
AM QUA 2.1371 -.5351 -1.4785 .1805
AM 012A -.1740 .1487 -.3249 .0823
AP OOIA .4535 .5388 .2410 -.1495
AS OOIA -.5143 -1.1131 .6022 .1651
AD 002A -.0662 .6352 .0865 -.6729
AO 0038 -.3062 -.4114 .1637 -1.3083
CC OOIA -.8649 .3557 -.8280 1.3017
CC 002A -.5744 -.6572 -.4699 -.0179
CC 9997 -.8982 -.2417 -.5216 .9429
CM OOIA .1946 -.0564 .3114 -.4243
CM 004A 1.2253 .5003 2.3975 2.3491
CO OOIA .0567 -.1015 .2404 -.5294
CO OOIB .0906 .1101 -.0718 .0465
CO 005A -.2633 .0254 -.3953 -.1603
CT 002A -.3322 -.3977 -.1747 -.8661
CT 003A -.7300 -1.2966 -.6126 .2146
CT OllA -.6954 -.7583 -.6012 .5131
CT 019A .2935 .3920 .8641 1.0199
DP 003A .7442 .3284 .4726 .0043
DT OOIA -.1153 .0138 .2984 -.5982
ED 002A .3558 .6124 1.2262 -.3754
ED 006A .2228 .1317 1.1292 -.6001
FI OOIA -.2653 1.3741 -.3021 -.1110
FI 002A -.4793 .9619 -.4986 -.0021
FI 002B -.2684 -.1739 -.2229 -.2851
FI 002C .1450 .4919 -.0747 -.0377

FI 006A 1.1070 -.2502 .0006
FI 007A '.571 -.1532 .8985 -.0752
FI 009A .2576 .2477 -.3270
Ft 009B -.6611 .2497 .1962
FI 018A .463 . 2664 -.0855 .0321
FI 019A .116 .0642 .2610 -.5537
FI 9999 .193 .2806 -.0632 -.0316
60 003A .082 -.5998 1.5717 .6552
GO 003B -.9619 . 8937 -.4201
GO 013A 2.089 -.4998 -1.0042 -.0446
GO 050A -.2274 .1048 -.4495
GO 9999 ! i 92 -.1484 .3695 -.0154
GT 005A .2217 -.2802 -.5924
GT 020A '.877 -.3679 .0766 -.0228
Ml OOIA .459 .2850 .0581 .5011
lA 003A .667 .4784 .7520 .9113
lA 003B .340 -.1745 .9901 .7600
lA 004A 1.891 -.3884 -1.0045 .0095
lA 004B -.6562 -.0254 . 5668
lA 005A J 5 8 -.1100 .4172 -.1720
lA 007A .227 -.2650 .6700 -.4712
lA 007B 2.775 -.3927 -1.4067 .5165
lA 008A .278 -.4527 .6642 -.7478
lA 009A .318 -.2511 .4122 1.0639
lA 014A .312 -.0384 .3680 -.2275
lA 022A 1.966 -.3163 -.6193 .1046
lA 023A .386 -.1434 . 3208 .3801
lA 030A -.0151 -.0328 .0368
lA 030C ^628 -.0690 .1178 -.0121
lA 042A .459 -.1902 .4320 -.0813
lA 056A 2.724 -.7068 -2.0213 .2777
lA 057A .649 -.3826 .4724 -.7185
lA 064A .332 -.0442 .4742 .4269
lA 114A .047 -.1944 .3017 -.2476
lA 9999 .310 .0577 .1019 .0491
I I  006A .462 .0708 .8039 -.1488
I I  007A -.3576 -.3933 .1022
I I  008A .992 -.2323 -.1571 .0194
I I  009A .427 -.0170 .2257 .1385
I I  014A 2.033 -.5333 -1.5884 .4068
I I  015A .439 -.0169 .1662 .2506
II 017A .447 .1676 .7865 .1365
I I  020A .473 -.0904 .1739 -.2553
I I  021A .666 .1580 . 4292 .2465
I I  025A .124 -.4236 . 2742 -.2131
I I  026A .2478 .1012 .5711
11 028A J 5 9 .0423 -.4329 .1721
I I  031A .217 -.2681 .5650 .2908
II 042A -.4480 .1711 . 0551
I I  044A -.8243 .2029 -.0733
I I  072A .381 -.5889 . 5293 -1.3323
I I  196A .714 .0267 1.1636 .7361
11 198A 1.032 .6393 1.6630 1.5888
I I  199A .914 .1919 1.2086 1.2266
I I  9999 .150 -.0584 . 3896 .1364
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APPENDIX SIX continued

a) 31 sites and 15 variables as annual means

Species scores

ST OOIA 
ST 002A 
ST OlOA 
ST 9999 
SO OllA
50 073B
51 OOIA 
ST 002A 
SI 003A 
SI 003C 
SI 008A 
SI OlOA 
SI 015A 
TA OOIA

-.6662
-.6627
-.6198
-.3289

.9381
1.5967
-.0910

.0838
-.2541
-.3498

.4472

.0099

.4553

.2208

.5407

.1040

.4637
-.0913

.2947

.4519
-.1265

-1.0060
-.2895

.3045
-.4485
-.2207
-.3623
-.6467

Environmental variable
loadings

NAME AXl AX2 AX3 AX4
PB .0997 .0092 -.3323 .3677

COND .1611 . 0422 -.3368 .1727
ALC -.1946 .1699 -.4663 . 3492
SRP -.2437 -.3634 -.3394 . 3690

TP -.3480 -.4914 -.3390 .1790
SI02 -.4311 -.0310 -.3140 -.0308

N03 -.0511 -.1139 .0424 -.0931
NA .3047 -.3786 -.1931 -.0974
I .4386 -.3030 -.3735 .0387

NG . 4099 .0142 -.1194 -.0013
CA -.2292 . 2394 -.1629 .3497
CL . 33 36 -.3731 -.0739 -.1747

S04 .1272 .0303 -.2783 .2798
CHL 1 -.4867 -.2448 -.4293 -.1210

Nil depth -.3092 -.4333 .4018 .1672

Sample scores

NANS All AI2 AI3 AI4

8IG .4239 .3830 .3012 .2505

004 -.7186 1.9632 -.4384 -.2717
007 -.2219 -.4092 -.0927 .1757
031 -.1143 1.2143 -.5893 .0284
034 -.9943 -.5836 -1.0044 1.4878
037 .1388 -.1087 .1351 .1523
042 -.5179 2.1677 -.5892 -.4306
050 .2539 -.6808 .7882 -1.7588
053 . 2924 -.3417 .3846 -1.0447
057 . 6470 -.1407 .4637 .6736
058 .4410 .4294 .4654 -.5930
065 -1.2505 -1.9031 -1.0332 -.0499
069 -.5969 -1.1809 .3775 -.1819
073 .1190 -.8971 .6096 -.3067
074 .0032 -.5028 .5793 -1.9340
076 -.6298 -.7406 -.4585 -1.8282
079 .8504 -.0714 .6446 -.0217
082 1.0159 .2217 .6493 .3742
083 .5678 .9018 .1131 -.2183
085 .4569 -.5883 1.7656 -.4711
086 .5744 .8442 -.1411 -.1160
088 4.4109 -1.1708 -3.5316 .5614
098 -1.0734 -1.4925 .0573 .5074
100 -.5843 -.9542 -.9864 -.9931
101 .7255 .6833 1.0670 -.3164
105 1.1293 .1557 1.6070 . 3994
107 -.8965 -.2584 -1.3312 1.7423
108 -.3362 2.3529 -.4673 -.3396
112 -.5901 2.3465 -.6641 -.0670
113 - .  9952 -1.6874 .7072 .6994
114 1.3951 .3854 3.3872 2.8313
120 -1.4425 -.7125 -.9200 2.4145
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APPENDIX SIX continued

b) 30 sites and 15 variables as annual means 
Correlation matrix

SPEC All 
SPEC AI2 
SPEC A13 
SPEC Alt 
EIVI All 
EIVI AI2 
EIVI AI3 
EIVI AI4 

PB 
COID 
ALI 
SEP 
TP 

SI02 
103 

lA 
I

NG
CA
CL

sot
CHL a 

Hax depth

1 . 0 0 0 0  
.07*6 
.OtSt 

-.0581 
.8771 
. 0 0 0 0  
. 0 0 0 0  
. 0 0 0 0  
.1089 
.0211 
.1098 
.5705 
.6202 
.2958 
.1047 
.1843 
.2041 

-.1562 
.0077 
.1331 
.0253 
. 4865 
.3898

1 . 0 0 0 0
.0303

-.0269
. 0 0 0 0
.8982
. 0 0 0 0
. 0 0 0 0

-.3463
-.2158
-.4776

.0009
-.1993
-.3367

.0650

.2289
-.0035

.0786
-.3619

.3101
-.1838
-.3154

.3061

1 . 0 0 0 0
-.0013

.0000

. 0 0 0 0

.9614

. 0 0 0 0

.5309

.1324

.2901

.2864

.0911
-.0715
-.1003
-.1481
-.0430
-.0308

.3409
- . 2 0 1 0

.2550
-.1547

.2619

1 . 0 0 0 0
. 0 0 0 0
. 0 0 0 0

- . 0 0 0 1
.9396
.0768
.1445

-.0401
-.4135
-.3536
- . 2 2 2 1
-.2522
-.0541
-.0245

.0632

.1664

.1135

.2205
-.0810

.5896

1 . 0 0 0 0  
.0000  
. 0 0 0 0  
. 0 0 0 0  
.1241 
.0240 
.1252 
.6504 
.7071 
. 3372 
.1194 
. 21 0 2  
.2327 

-.1781 
.0088 
.1517 
.0288 
. 5547 
.4445

0 000  
00

2 
5

0 
2

3 
2

1 . 0 0 0 0  
. 0 0 0 0  
. 5522 
.1377 
.3017 
. 2979 
.0948 

-.0744 
-.1043 
-.1540 
-.0447 
-.0321 

.3545 
-.2091 

.2652 
-.1610 

.2724

1 . 0 0 0 0  
.0817 
.1538 

-.0427 
-.4401 
-.3763 
-.2364 
-.2684 
-.0576 
-.0261 

. 0672 

.1771 

.1207 

.2347 
-.0863 

.6275

SPEC All SPEC AI2 SPEC AI3 SPEC Alt EIVI All EIVI AI2 EIVI AI3 EIVI Alt

PB 1,0000
COID . 2493 1.0000
ALI .6621 .6964 1.0000
SEP .2185 -.1267 .1516 1.0000

IP .2463 .0046 .2676 .9212 1.0000
SI02 .1879 .0956 .4416 .5412 .6176 1.0000

103 -.0527 -.0229 .0989 -.0041 .0348 .4123 1.0000
lA -.2166 .6313 .0659 .0354 .0734 -.1298 -.2051 1.0000

I .1396 .6871 .3798 .2535 .3580 .1668 -.3202 .7263
KG -.2466 .7482 .2553 -.2525 -.1737 -.1145 .6578
CA .5441 .6303 .7300 -.0381 .0878 .0984 .0204 .0086
CL -.2414 .6039 .0053 -.0914 -.0445 -.2299 . 9695

sot .1772 .7868 .4422 -.1247 .0404 -.1229 . 4504
CBL a .2650 .2210 .3986 .4572 .6204 .4581 .0130 .2014

Nai depth .1987 -.0145 -.1086 .1171 .0149 -.3655 .1539

PB COID ALI SEP TP SI02 103 lA

I 1.0000
NG . 6339 1.0000
CA .2956 .2211 1.0000
CL .6951 .6396 .0201 1.0000

sot .6228 .7895 .5814 .4354 1.0000
CBL a .3153 .0551 .1785 .1313 .1666 1.0000

Nai depth .0831 -.0625 -.1284 .2343 .0389 .0208 1.0000

I NG CA CL sot CBL a Nai depth
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APPENDIX SIX continued

b) 30 sites a n d  15 variables as a n n u a l means
Summary statistics

name (veightad 
PH 

COID 
Alt 
SIP 

TP 
SI02 

103 
lA 

I
KG
CA
CL

sot
CHL a 

Max depth

stand, dev. 
.4455 
.1828 
.3045 
.5842 
. 3757 
.3785 
.2754 
.3111 
.2914 
.2994 
.2219 
.2890 
.3100 
.5545 
.3078

in f l a t i o n  fac tor 
9.2152 

30.1132 
17.9985 
20.0353 
32.5320 
4.5795 
2.2953 

58.5955 
9.8581 

27.4430 
7.5258 

53.4977 
23.4052 

2.8703 
3.0150

Species scores

lAME All AI2 AI AI4

EIG .3991 .3589 535 .2354

AC OOIA *.2100 . 7491 325 -1.5293
AC OOIB -.5872 -.9302 350 .9412
AC 005A -.7585 -.9390 358 .1705
AC 012A -.5251 -.1580 393 -.2511
AC 013A -.5557 .5717 547 .2083
AC 023A -.0549 -.2735 932 -.4580
AC 032A .2959 .5194 395 -.7284
AM OllA .2358 .0182 534 -.1783
AM 012A .0117 -.3250 404 -.0583
AP OOIA -.8598 .2158 557 -.2294
AS OOIA 1.1204 . 5853 297 1.3298
AO 002A -.5022 -.3052 085 .4558
AD 003B . 4723 .2094 -1. 310 .5050
CC OOIA .4055 -1.1882 1. 014 -.0145
CC 002A .8882 -.1270 - , 005 -.5329
CC 9997 .8434 -.5854 829 -.2157
CM OOIA -.2124 .3870 729 .2815
CM 004A -1.5454 1.5714 2. 523 .0121
CO OOIA -.0558 . 2937 901 .1055
CO OOIB -.1885 .0032 294 .1047
CO 005A .2047 -.3457 985 .1710
CT 002A .4933 .0121 507 .0327
CT 003A 1.4385 .1529 549 -1.1958
CT OllA 1.0382 -.1739 583 -1.1052
CT 019A -.5535 .3888 1. 180 .3718
DP 003A -.9490 .5035 529 -.0174
DT OOIA .0270 .0721 - , 039 .7559
ED 002A -.8998 .5335 128 .5775
ED 005A -.4323 .5902 - , 459 .4517

Pi OOIA -.7824 -1.1199 -.5283
FI 002A -.3559 -1.0992 -.0088 . 3583
FI 002B .2848 -.0390
FI 002C -.5810 -.1293
FI 005A -.4501 -1.1202 . 0429 . 5877
FI 007A -.1233 .7155 .0584 1.5198
FI 009A -.1350 -.0537 -.7557
FI 009B .9558 .0912 .2450 . 2098
FI 018A -.5533 .2202 -.1399
FI 019A -.1958 .2380 -!5524 -.5208
FI 9999 -.4178 .0028 -.2319
GO 003A .1252 1.2457 .8158 -.3717
GO 003B .7447 . 9347 -.5052
GO 013A -.0047 .5154 -.4533 .3125
GO 050A . 2335 .1508 .0835
GO 9999 -.0585 .4058 .0248 .0920
GT 005A -.1855 .1803
GT C20A -.4553 .9085 -.0727 .0490
Ml OOIA -.5302 .2793 . 3548 -1.9281
lA 003A -1.0418 .5955 .9374 -.4031
lA 003B -.3347 .8821 .8332 -.3759
lA 004A -.2745 .4307 -.3087 -.1017
lA 004B 1.0393 . 5795 .1793
lA 005A -.1572 .4830 -.1590
lA 007A -.1237 .7298 -.4010 -.1310
lA 007B -.8577 .5847 .5998 -.0933
lA 008A .0105 .8457 -.5582 . 3572
lA 009A -.1978 .5515 .9858 -1.3307
lA 014A -.3357 .5011 -.1955 -.0701
lA 022A -.5823 .7817 -.0354 .4024
lA 023A -.2495 .5273 .3858 -.2543
lA 030A -.0109 .0103 .0435 .1052
lA 030C -.5009 .5759 -.0240 .0129
lA 042A -.2581 .5811 -.5393
lA 055A .8020 -.0035
lA 057A -.4174 1.0555 -.5828 -.3528
lA 054A -.3333 .4978 . 5022 .4591
lA 114A -.0177 .4011 -.4999
lA 9999 -.2531 .1904 !o533 .0250
11 005A -.5075 .5780 .8885
I I  007A . 4504 !o301 -.4395
I I  008A -.2830 .5335 -.0345 .0792
I I  009A -.3519 .4357 .1424 -.1215
I I  014A .3591 .3193 .0515
I I  015A -.4080 .4388 . 2445 .0388
I I  017A -.5257 .5435 .2231 .2112
I I  020A -.4350 .5720 -.2534 -.1375
I I  021A -.7343 .5040 .2804 .1514
I I  025A .1414 .5220 .1411
I I  025A .0003 .5755 -.0219
I I  028A -.4848 .2000 .0574 -.4496
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APPENDIX SIX continued

b) 30 sites and 15 variables as annual means

Species scores
I I  031A -.0657 .6125 .3359 .1010
I I  042A .2908 .3642 .0788 .1754
II  044A .6409 .5757 -.1005 -.5794
I I  072A -.0296 1,0213 -1.2665 -.1700
I I  196A -.7704 1,0800 .8271 -.1060
I I  198A -1.5298 1.1340 1.7383 -.1245
I I  199A -1.0454 1.1090 1.3195 .0476
I I  9999 -.1769 .3797 .1723 -.0374
ST OOIA .7798 -.4659 .4536 -.4429
ST 002A 1.1776 .2059 .0604 -.6375
ST OlOA .9861 .0973 . 5202 .5424
ST 9999 .7423 -.3667 -.1902 -.3550
SO 016A -.6602 .8688 .3252 . 4251
SO 073B -.2366 .7152 .4234 -.5739
ST OOIA .1802 .1346 -.1297 -.2829
ST 002A .2425 1.0306 -.8184 .7190
ST 003A .4022 .2815 -.2298 .1062
ST 003C .3030 .2582 .4811 1.2708
ST 008A -.2829 .8288 -.3398 .8607
ST OlOA .0419 .7213 .0079 1.5957
ST 015A -.3787 . 4904 -.3948 -.3603
TA OOIA -.5171 .4833 -.5696 -.0218

Sample scores

lAME All AI2 AI3 AI4

KIG .3991 .3589 .2535 .2364

004 -.8588 -1.9682 -.1471 1.5921
007 .4691 .0831 .1330 -.2545
031 -.7918 -1.0315 -.0191 .1565
034 1.1603 -.7101 1.2872 -.9012
037 .1723 .0746 .1590 . 5439
042 -1.1998 -1.9336 -.3744 1.0284
050 .2092 1.0448 -1.6508 .0694
053 -.1045 .7284 -.9928 .0521
057 -.5801 .9760 . 5075 -2.8450
058 -.8454 .4550 -.5777 -.2805
065 2.2126 .0767 -.2799 -2.2081
069 1.1229 .6210 -.1357 -.8148
073 .4582 .9982 -.2939 -.6865
074 .2375 .6808 -1.7709 .7106
076 .9553 -.0699 -1.7855 .1161
079 -.5956 .9235 .0193 .2928
082 -1.0679 .9874 .3829 .0406
083 -1.2911 .1233 -.2647 -.1959
085 -.0104 1.4067 -.1859 2.0719
086 -1.1230 -.0318 -.2317 -.7716
098 1.7951 .2055 .6106 .9316
100 1.2147 -.2003 -1.1245 -.8116
101 -1.2908 .7417 -.2135 .2041
105 -1.1874 1.4860 .5963 .3079
107 . 9464 -1.0705 1.5330 -.3138
108 -1.3960 -1.8822 -.4243 -1.1582
112 -1,2490 -2.1506 -.0610 ,3626
113 1,8339 .6037 .9875 2.6476
114 -1,7901 2.2957 3.1603 -.0472
120 1.6012 -.9947 2.2783 -.2722
088 .0162 . 7296 -.3689 .0239

Environmental variable
loadings

m i AXl AX2 AX3 AX4
PH

COND
ALE -.5318 .3017 -.0427
SEP .0010 .2979 -.4401
TP -.2219 .0948 -.3763

SI02
103 .1194

NA .2549 -.1540 -.0576
E -.0038 -.0447 -.0261

KG
CA .0088 -.4029 .3545 .1771
CL

$04 .0288 -.2046 .2652 .2347
CHL 1
depth .4445 .3408 .2724 !6275
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APPENDIX SIX continued

c) 30 sites and 5 variables as annual means 
Correlation matrix

SPEC All 1.0000
SPEC AI2 *.0138 1.0000
SPEC AI3 *.0t60 . lOlt 1.0000
SPEC Alt .068t -.0357 -.Ot73 1.0000
EIVI All .8231 .0000 .0000 .0000 1.0000
EiVI AI2 .0000 .8105 .0000 .0000 .0000 1.0000
EIVI AI3 .0000 .0000 .8753 .0000 .0000 .0000 1.0000
EIVI Alt .0000 .0000 .0000 .8736 .0000 .0000 . 0000 1.0000

PB -.0557 -. t519 .t968 .3890 -.0798 -.5575 .5676 .t t53
SEP -.5632 -.2763 .3738 - .396t - .68 t3 - .3 t09 .t270 -. t538
TP -.5665 -. t820 .1186 - . 3 2 t l -.6883 -.59 t7 .1355 -.3710

103 -.1257 .1085 -.2m -.3620 -.1528 .1339 -.2598 - . t l t 3
Kai depth - . t887 .2777 .1962 .5795 -.5938 .3t26 .22t2 .663t

SPEC All SPEC A!2 SPEC AI3 SPEC Alt EIVI All EIVI A12 EIVI A13 EIVI Alt

PB 1.0000
SEP .2185 1.0000
TP .2t63 .9212 1.0000

103 -.0527 -.OOtl .03t8 1.0000
Hai depth .1987 .1171 .01t9 -.3655 1.0000

PB SEP TP 103 Kai depth

Summary statistics

name (ve igb ted)  mean stand, dev. i n f l a t io n factor
PB 7.7065 .t t56 .1169

SEP 1.3971 .68t2 .1553
TP 2.1280 , 3767 .2205

103 .1697 .275t .1566
Kai depth .1997 . 3078 .2868

Species scores 
lAKE All A12 AI3 Alt

E n v i r o n m e n t a l v a r i a b l e  l o a d i n g s

EIG .3 t9 l .2t98 .1989 .1926 NAVE All AE2 AX AX4
PB -.0798 -.5575 676 . 445 3

AC OOIA -. t3 25 .2102 .5365 -1.6531 SIP -.6843 -.3409 270 -.4538
AC 0018 .t983 - . 2 t l 9 .2362 1.1503 TP -.6883 -.5947 355 -.3710
AC 006A .661t -.2368 .8387 .t590 KOI -.1528 .1339 - . 598 -.4143
AC 012A .5223 -.0873 .0930 Hsi depth -.5938 .3426 242 .6634
AC 013A .t592 .7516 -.0396 .0903
AC 023A .0933 -.3795 -.2939
AC 032A -.2966 .195t -.1160
AK OllA -.0 3 t9 -.2706 -.1802
AK 012A .178t -.37t7 .0397 .1290
AP OOIA 1.0050 .t562 .1975 .2955
AS OOIA -1.2 t93 .5819 -.2700 .8912
AD 002A .1902 .1005 -.1131 .5627
AD 0038 -.8512 .7873 -1.2125 .1093
CC OOIA -.3896 -. t038 .6t79
CC 002A -.5 t83 -.6788 -.1295
CC 9997 - . 8 1 t t -.715t .8350 .Otl6
CK OOIA .1983 . t2 l5 -.1069 .1617
CK OOtA 1.0567 1.6656 1.7166 .t28t
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APPENDIX SIX continued

c) 30 sites and 5 variables as annual means
Species scores
CO OOIA .1035 .4032
CO OOIB .1841
CO 005A .0841 -.8833
CT 002A -.3158 -.0899
CT 003A -.9380 -.3337
CT OllA -.1008 -.4795
CT 019A .5013
DP 003A .1154
DT OOIA -.1980
ED 002A .8509 1.0103
ID 006A .4029 1.2083
PI OOIA 1.0894 -.4378
PI 002A .5210
PI 002B -.2618
PE 002C .7243
PI 006A .4611
PI 007A -.3418 1.4087
PI 009A .3528
PR 009B -.6338
PI 018A .6552 -.0227
PI 019A . 0522
PI 9999 .3640 -.0714
GO 003A -.1393 1.3601
GO 003B -.5450
GO 013A -.1214
GO 050A -.1529
GO 9999 -.0102
GT 005A .2834
GT 020A .6608
Ml OOIA .2249
lA 003A .7616
lA 003B .0644
lA 004A .0935
lA 004B -.7756
lA 005A . 3076 .5928
lA OOIA -.1569
lA OOIB .6781
lA 008A -.4225
lA 009A -.2366
lA 014A .0976
lA 022A .0589
lA 023A -.0530 .3988
lA 030A .0599 -.3191
lA 030C .6413
lA 042A .0906
lA Q5&A -.6248 -.6181
lA 05IA -.4210
lA 064A .2100
lA 114A -.2280
lA 9999 .2099
I I  006A .2505
I I  OOIA -.1909 -.3532
II  008A .2567
I I  009A .1067
I I  014A -.2647 -.2479
I I  015A .2732
II  OllA .4533
II  020A -.0405

Species scor
II 021A
I I 025A
II 026A
II 028A
II 031A
II 042A
II 044A
II 072A
II 196A
II 198A
I I 199A
II 9999
ST OOIA
ST 002A
ST OlOA
ST 9999
SD 016A
SD 073B
ST OOIA
ST 002A
ST 003A
ST 003C
ST 008A
ST OlOA
ST 015A
TA OOIA

S a m p l e  s c o r e s
lAKE All AI2 AI3 AI4

EIG .3491 .2498 .1989 .1926

004 .9711 -1.6775 -.9992 1.9460
007 -.3440 -.1185 .2401 -.0695
031 1.1447 -1.1967 .2306 .3254
034 -1.0490 -1.3092 1.4541 -.5617
037 -.0552 .7422 .0311 .1901
042 1.4263 -1,5910 -.3246 1.7363
050 -.4951 1.4764 -1.9061 -.9050
053 -.2536 .6413 -.5577 -.0407
057 -.0859 .5615 .9691 -3.6561
058 1.0335 .6595 .1478 -.3570
065 -1.8170 -1.1370 .1540 -1.9728
069 -1.1626 .2074 .2945 -.7436
073 -.7133 .6896 -.0801 -1.0753
074 -.4495 1.1397 -1.8615 .3705
076 -.8787 -.3752 -1.8532 .1056
079 .4967 1.0892 .1988 .6214
082 .7159 .4199 1.3741 -.1118
083 1.5179 .0580 .7012 .1445
085 -.5583 2.4911 -1.0370 .3401
086 1.3746 -.0471 .3921 -.1778
098 -1.9081 -.1825 .1274 .9693
100 -.9652 -1.1818 -1.1391 -.6663
101 1.4306 1.1958 .4257 -.2304
105 .8925 1.8622 .8375 .8374
107 -.9912 -.9806 1.1088 -.1374
108 2.0134 -1.0961 -1.4171 -1.4949
112 1.7333 -1,8481 -.9236 .6294
113 -2.1248 .6608 -.0746 2.6934
114 1.2532 3.0281 3.0327 .5179
120 -1.7121 -1.3860 2.3659 .1774
088 -.1284 . 5733 -.3014 -.2747
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APPENDIX SIX continued

d) 31 sites and 15 variables as winter means 
Correlation matrix

SPEC All 1.0000
SPEC A12 .0725 1.0000
SPEC AI3 - .0084 -.0565 1.0000
SPEC AI4 -.0017 .0581 -.0617 1.0000
EIVI All .8798 .0000 .0000 .0000 1.0000
EIVI AI2 .0000 .9447 .0000 .0000 .0000 1.0000
EIVI AI3 .0000 .0000 .8932 .0000 .0000 .0000 1.0000
EIVI AI4 .0000 .0000 .0000 .9170 .0000 .0000 .0000 1.0000

PE -.0695 .2147 . 5932 .4374 -.0790 .2272 .6641 .4770
COID -.0666 .2121 .1369 .2295 -.0757 .2245 .1533 .2503
ALE .1458 -.0273 .4655 .3013 .1657 -.0289 .5211 .3285
SEP -.3677 -.5135 .4567 -.1049 -.4179 -.5435 .5113 -.1144

TP -.3109 -.3087 .6232 -.1896 -.3534 -.3268 .6977 -.2067
SI02 .0341 -.4168 .3488 -.3457 .0388 -.4412 .3905 -.3770

103 -.2338 .0406 .1551 -.1134 -.2657 .0430 .1736 -.1236
la -.3704 .1904 -.0445 -.0895 -.4210 .2016 -.0498 -.0976

E -.3400 .4355 .2007 .1057 -.3865 .4610 .2247 .1152
Ng -.1006 .3613 -.1164 .1634 -.1143 .3825 -.1303 .1782
Ca .2241 -.1016 .2131 .2988 .2548 -.1075 .2386 .3258
Cl -.3637 .2142 -.1943 -.0827 -.4134 .2267 -.2175 -.0902

So4 -.0032 .1885 .0993 .3419 -.0037 .1995 .1111 .3729
Chla -.0981 -.3478 .4427 -.3532 -.1116 -.3681 .4956 -.3851

Nai depth -.2744 -.4758 -.2020 .2716 -.3119 -.5036 -.2262 .2961

SPEC All SPEC AI2 SPEC AI3 SPEC AI4 EIVI All EIVI A12 EIVI AI3 EIVI A14

PE 1.0000
COID . 4253 1.0000

ALE .6915 .6755 1.0000
SIP .0609 -.1901 .0731 1.0000
TP .2327 .0029 .2128 .8736 1.0000

SI02 -.0281 -.0648 .2807 . 5340 .4515 1.0000
103 . 0499 .0832 .1332 -.0421 -.0890 .3381 1.0000

la - .0011 .6433 .0422 .0141 .1244 -.2103 -.1575 1.0000
E .3916 .6945 .3294 .0629 .2902 -.1372 -.1444 .7333

Ng .0139 .7789 .3159 -.2623 -.0962 -.2344 .0341 .6610
Ca .4410 .5210 .7214 -.0928 .0419 .0819 .0531 -.0861
Cl -.0270 .6473 .0099 -.1379 -.0028 -.2676 -.1976 .9539

So4 .2555 .7614 .4253 -.1844 .0688 -.2398 .0317 .4437
Chla . 2343 .1842 .3394 .4388 .5208 .4522 .2051 .1589

Nai depth .0813 -.0950 -.1226 .1909 .1168 -.0335 -.2982 .0073

PE COID ALE SEP TP SI02 103 la

E 1.0000
Mg . 7043 1.0000
Ca .1154 .2133 1.0000
Cl .7217 . 6667 -.0294 1.0000

So4 .6461 .8147 .5019 .4711 1.0000
Chla .1640 .0251 .1387 .0910 .1088 1.0000

Nai depth -.0936 -.2045 -.1381 .1006 -.1045 .0493 1.0000

E Mg Ca Cl So4 Chla Mai depth
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APPENDIX SIX continued

d) 31 sites and 15 variables as winter means
Summary statistics

name

COID
ALI
SRP

TP
SI02

103
la

I
Ng
Ca 
Cl 

So4 
Chla 

Nai depth

(ve igh ted)  mean 
B 7.6142

2.6931 
.3272 

1.3718 
2.0422 

.2035 

.3893 
2.9832 
2.0879 
2.6681 
3.4937 
3.0525 
3.1132 
1.6850 

.1848

s tand ,  dev.  i n f l a t i o n  fac to r
4565
1880
3191
6809
3803
4031
3219
3422
3377
3151
2384
3048
3016
5494
3150

9.972
23.398
15.886
9.233
8.266
3.847
2.113

35.085
13.315
14.599

5.559
40.072
11.131

2.051
2.947

Species scores  
IAMB AI AI2 AI AI

Species scores
Fi 006A 
FI 007A 
FI 009A 
FI 0098 
FI 018A 
FI 019A 
FI 9999 
GO 003A 
60 003B 
GO 013A 
GO 050A 
GO 9999 
GT 005A 
GT 020A 
NI OOIA 
lA 003A 
lA 0038 
lA 004A 
lA 0048 
lA 005A

-1

- 1

EIG .4362 .4230 .2896 • 331 lA 0078 
lA 008A

-1 .3 2.9448
-.0264

.7706
-.7973

.5902
-.5264

AC OOIA .1894 .6651 - , 366 lA 009A -.1859 .5286 -.0017
AC 0018 1.2501 .2267 .3275 - , 926 lA 014A .1510 -.3925 -.0699
AC 006A 1.2573 .2257 .8773 - , 016 lA 022A 1.8590 .1378 .3062
AC 012A .4746 -.0008 541 lA 023A .0785 -.0836 .2193
AC 013A .0644 .1925 438 lA 030A .0184 .1284 .0522
AC 023A .3489 .0048 J29 2 282 lA 030C .5167 -.5335 .3132
AC 032A -.3252 - , 733 lA 042A .0984 -.4695 -.2357
AN OllA -1.2441 2.4071 .8797 725 lA 056A -1 .5 3.0048 1.2248 .2942
AN 012A .1143 -.0792 .2228 323 lA 057A .3144 -.2961 -.3079
AP OOIA .8549 .6278 -.6397 118 lA 06 4A .1774 -.5164 .7957
AS OOIA -.9834 -.5493 481 lA 114A -.0559 -.1650 -.6363
AO 002A .6532 .2872 .1051 878 lA 9999 .2012 -.1184 .1628
AO 0038 .1015 -.5545 - , 860 I I  006A .0 -.0978 -1.0700 .0086
CC OOIA -.6291 1.1595 1. 297 I I  007A -.2094 .2952 -.2536
CC 002A -.5201 . 5763 - , 708 I I  008A 1.0629 -.1424 .1158
CC 9997 -.9085 1.2168 500 I I  009A .2239 -.2099 .1618
CK OOIA .0087 -.6515 - , 359 I I  014A -1 .1 2.2861 1.0024 .4251
CK 004A -.1923 2. 338 I I  015A .1497 -.3610 .4274
CO OOIA .0380 -.4595 - , 556 I I  017A .0880 -.7699 .2550
CO 0018 .2637 .1209 -.0596 785 I I  020A .2699 -.2298 .1301
CO 005A -.3035 .4017 447 I I  021A .4553 -.6191 .3563
CT 002A -.1808 - , 761 I I  025A -.1808 -.3447 -.2457
CT 003A -.7787 .5018 - , 621 I I  026A .0 -.5297 .4445 .7371
CT OllA -.7356 .7383 313 I I  028A .2 .7795 .1851 .3377
CT 019A .1406 -.2485 1. 356 I I  031A - .3 -.2640 -.2587 -.0471
DP 003A .7965 231 I I  042A - .4 -.3244 -.0882 -.0552
DT OOIA .0444 -.1880 - , 159 I I  044A - . 5 -.4809 -.0669 -.8658
10 002A . 5796 .1822 - L  3992 - , 477 I I  072A - .6 .1924 -.6232 -.8564
10 006A .1547 .0106 -1.3014 - , 600 I I  196A - . 3 -.1168 -.7454 .7009
FI OOIA 1.4995 .2229 .1914 048 I I  198A - . 0 .2410 -.8230 1.5541
FI 002A 1.1208 .0660 . 7098 - . 708 I I  199A - .3 .0240 -.7467 1.2603
FI 0028 
FI 002C

-.0479
.6892

-.1184
.2450

.2366 327
446

I I  9999 - . 1 -.0958 -.1706 .1502

0923
0393
1399
3171
3299
0185
1951
5709
5892
2156
0052
0541
1108
4842
3175
3379
2963
9595
4289
1160

3921
9920
2836
4980
2168
4089
0691
7507
6323
4038
1318
2278
1144
8495
6198
4309
3957
3636
8517
3871

-.0259
3406
2588
3097
4613
4807
0339
4163
5178
0479
2725
0283
1997
4134
3255
0757
6539
1535
1135
2133
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APPENDIX SIX continued

d) 31 sites and 15 variables as winter means

Species score 
ST OOU 
ST 002A 
ST OlOA 
ST 9999 
SO OKA 
SO 0738 
ST OOIA 
ST 002A 
ST 003A 
ST 003C 
ST 008A 
ST OlOA 
ST OKA 
TA OOIA 48

.8983

.4437

.0519

.5683
-.5208

.5237

.1151
-1.3688

-.2150
-.5513

-1.1897
-1.3471

-.2278
-1.0781

358

Environmental variable
loadings

NAME A l l AX2 AX3 AX4
PB - . 0 7 9 0 . 2 2 7 2 . 66 41 . 47 70

COND - . 0 7 5 7 . 2 2 4 5 . 1 5 3 3 . 2 5 0 3
A l t . 165 7 - . 0 2 8 9 . 52 11 . 32 85
SRP - . 4 1 7 9 - . 5 4 3 5 . 5 1 1 3 - . 1 1 4 4

TP - . 3 5 3 4 - . 3 2 6 8 . 6 9 7 7 - . 2 0 6 7
SI 02 . 0 3 8 8 - . 4 4 1 2 . 3905 - . 3 7 7 0

N03 - . 2 6 5 7 . 04 3 0 . 1 7 3 7 - . 1 2 3 6
Nl - . 4 2 1 0 . 2 0 1 6 - . 0 4 9 8 - . 0 9 7 6

[ - . 3 8 6 5 . 46 10 . 2 2 4 7 . 1 1 5 2
H - . 1 1 4 3 . 3825 - . 1 3 0 3 . 1 7 8 2
Cl . 25 48 - . 1 0 7 5 . 2 3 8 6 . 32 59
Cl - . 4 1 3 4 . 22 6 7 - . 2 1 7 5 - . 0 9 0 2

So4 - . 0 0 3 7 . 19 95 . 11 11 . 37 29
C h l i - . 1 1 1 6 - . 3 6 8 1 . 4 95 6 - . 3 8 5 1

N i l  depth - . 3 1 1 9 - . 5 0 3 6 - . 2 2 6 2 . 296 1

Sample scores
IAK8 All AI2 AI3 AI4

EIG .4362 .4230 .2896 .2331

004 1.9416 .1653 . 7750 -.3043
007 -.3279 -.3123 .2158 .2099
031 1.2821 .3529 .4230 .0103
034 -.4495 -1.0004 1.6253 .4280
037 .0051 .3516 .2858 -.1243
042 2.1419 .3618 .8916 -.2283
050 -.7134 .0173 -1.2691 -1.6087
053 -.3513 .1318 -.5611 -.6173
057 -.2637 .3157 .4666 -.9135
058 .6010 .3711 -1.0168 -.2093
065 -1.1115 -1.2836 1.1746 -1.9711
069 -.8688 -.8731 -.0384 -.7333
073 -.8293 -.2672 -.5124 -.7504
074 -.4938 .0182 -1.0920 -1.3007
076 -.6490 -.4592 -.0173 -1.6501
079 -.4445 .5330 -1.0610 .5602
082 .0102 .5356 -.9114 .9309
083 1.0133 .5584 -.7098 .5282
085 -.5628 -.1686 -1.9318 -.1918
086 .9148 .6382 -.4379 .6099
088 -2.4054 4.7115 1.9052 .7812
098 -.9599 -1.3853 .3501 .5790
100 -.8038 -.3866 .8219 -1.6235
101 .6482 .5550 -1.6116 .1601
105 -.3394 .6275 -1.6774 .9746
107 -.7025 -.7490 1.7839 1.3317
108 2.2153 .3990 .2908 -.0820
112 2.3308 .3238 .7220 -.0102
113 -.9683 -1.5185 -.5937 2.1057
114 -.4466 .0324 -2.1371 3.2319
120 -.6644 -1.5336 2.2587 1.3443
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APPENDIX SIX continued

e) 30 sites and 13 variables as winter means 
Correlation matrix

SPEC All 
SPEC AI2 
SPEC AI3 
SPEC AI4 
EIVI All 
EIVI AX2 
EIVI AX3 
EIVI AX4 

PB 
COID 
ALK 
SEP 

TP 
SI02 

103 
la  

K
Mg
Ca 
Cl 

So4 
Chla 

Kai depth

1 . 0 0 0 0
.0091
.0590

-.0270
.8740
. 0 0 0 0
.0 0 0 0
. 0 0 0 0
.0238
.0159
.0980

-.5516
-.4153
-.1739
-.1907
-.2610
-.1487

.0644

.1363
-.2428

.0656
-.2446
-.4631

1 . 0 0 0 0
-.0648
-.0968

. 0 0 0 0

.8935

. 0 0 0 0

. 0 0 0 0

.5411

.1340

.5038

.4287

.5358

.4164

.0119
-.1644

.0098
-.1845

.3556
-.2784

.1387

.4580
-.0024

1 . 0 0 0 0
.0228
. 00 0 0
. 0 0 0 0
.9225
. 0 0 0 0
.2515
.2326
.1563

-.2972
-.3627
-.3991
-.2300
-.0808

.0245

.1803

.2961

.0391

.3567
-.3326

.4887

1 . 0 0 0 0
. 0 0 0 0
. 0 0 0 0

- . 0 0 0 1
.9109
.0950

-.0280
.1398
.2228
.0464

-.1109
.0621

-.0316
.0147
.0784
.0096

-.2042
.0062

-.3113
-.3052

1 . 0 0 0 0
. 0 0 0 0
. 0 0 0 0
. 0 0 0 0
.0272
.0182
.1121

-.6311
-.4752
-.1989
-.2181
-.2986
-.1701

.0737

.1559
-.2777

.0750
-.2799
-.5299

1 . 0 0 0 0
. 0 0 0 0
. 0 0 0 0
.6056
.1499
.5638
.4798
.5997
.4660
.0133

-.1840
.0 1 1 0

-.2064
.3979

-.3116
.1552
.5126

-.0027

1 . 0 0 0 0  
. 0 0 0 0  
. 2726 
.2521 
.1695 

-.3221 
-.3932 
-.4327 
-.2493 
-.0876 

.0266 

.1954 

.3210 

.0424 

.3867 
-.3606 

.5298

1 . 0 0 0
.104

-.0308
.153
.244
.050

-.1218
.068

-.034
.016
.086
. 0 10

-.224
.006

-.341
- .335

SPEC All SPEC AI2 SPEC AX3 SPEC AX4 EIVI AXl EIVI AX2 EIVI AX3 EIVI AX4

PH 1.0000
COID . 3466 1.0000
ALK .7350 .6846 1.0000
SEP .1416 -.1556 .0856 1.0000

TP .2311 -.0149 .2096 .8935 1.0000
SI02 .1490 .0404 .3285 .5206 .5047 1.0000
103 .0119 .0601 .1279 -.0294 -.0947 .3959 1.0000

la -.1675 .6071 .0188 .0657 .1113 -.1981 1.0000
K .1773 .6802 .3561 .1922 .3201 .0973 -.2497 .7135

Mg -.1690 .7552 .3096 -.2268 -.1253 .0026 .6174
Ca .5218 .5640 .7298 -.1030 .0460 .0649 .0593 -.0699
Cl -.1896 .6130 -.0141 -.0984 -.0222 -.2380 .9491

So4 .1582 .7408 .4216 -.1512 .0555 .0083 .3908
Chla .3139 .2251 .3502 .4310 .5314 .4461 .2168 .2043

Hax depth .2305 -.0184 -.1068 .1584 .1371 -.2852 .1030

PH COID ALK SEP TP SI02 103 la

K 1.0000
Mg .6571 1.0000
Ca .1910 .2518 1.0000
Cl .7060 .6264 -.0108 1.0000

So4 .6286 .7986 .5394 .4229 1.0000
Chla . 2866 . 0672 .1335 .1297 .1437 1.0000

Mai depth .0882 -.1214 -.1610 .1998 -.0348 .0208 1.0000

K Mg Ca Cl So4 Chla Mai depth
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APPENDIX SIX continued

e) 30 sites and 15 variables as winter means
Summary statistics

oaie (veigh ted)  mean s tand ,  d i n f l a t i o n  fac to r
PH 7.5794 .4162 12.8690

CORD 2.6836 .1826 21.7566
ALK . 3231 .3230 21.7059
SIP 1.3893 .6835 9.3086

TP 2.0384 . 3854 10.4525
SI02 .2282 .3834 3.5460

103 . 3846 .3255 2.2731
la 2.9639 .3290 34.0000

I 2.0524 .2739 8.6516
Kg 2.6485 .2989 19.1690
Ca 3.4964 .2415 5.6927
Cl 3.0361 .2946 37.0610

So4 3.0990 .2946 14.6461
Chla 1.6952 .5546 2.1152

Kai depth .1997 .3078 3.1746

Species scores
RANK All AI2 AI3 AI4

KIG .4381 .3230 .2427 .2238

AC OOIA -.2814 -.1802 -1.4236 1.5145
AC OOIB 1.1945 .5118 .2140 -1.0191
AC 006A 1.2250 .7722 -.3947 -.2809
AC 012A .3595 .0059 .1546 .4116
AC 013A .1798 -.7908 .2500 -.0800
AC 023A .3169 .2659 -.2430 .5014
AC 032A -.5059 -.5095 -.7041 -.1462
AK OllA -.1927 -.0509 -.4258 .0354
AK 012A .0679 .2185 .0765 .2425
AP OOIA 1.0999 -.6502 .2350 .2631
AS OOIA -1.1723 .1970 1.3293 -.6049
AO 002A .7687 -.0762 -.3144 -.5966
AO 003B -.2813 -.8109 -.5009 -.7450
CC OOIA -.4599 1.1173 .3207 .9874
CC 002A -.6871 .4176 -.7281 .0287
CC 9997 -.6976 1.3414 .0337 .2301
CK OOIA -.0001 -.5580 .1213 -.2601
CK 0B4A -.1927 -.9571 1.8535 1.7303
CO OOIA -.0186 -.4952 -.1035 -.2260
CO OOIB .3034 -.0391 .2094 -.0826
CO 005A -.1796 . 5087 .1955 -.0494
CT 002A -.3782 -.2576 -.5023 -.4690
CT 003A -.9339 . 4551 -.8425 .0584
CT OllA -.7445 .6773 -.8393 .2559
CT 019A .0353 .0166 1.1147 . 6964
DP 003A .4653 -1.1918 .1219 -.1259
DT OOIA -.0893 -.2052 .1884 -.9580
KO 002A .5610 -.9161 .3907 -.5746
KO 006A .1082 -.9266 .1347 -.6615
FI OOIA 1.3228 .5558 -.0660 .4876
FI 002A 1.0134 .8027 -.1258 -.5379
FI 002B -.0765 .0973 -.5920 -.3360
FI 002C .7493 -.1520 .0056 .2112

Species 
FI 006A

scores
1.0664 .694 .2156 - .  6366

FI 007A -.3848 .7743 -1.4313
FI 009A .1109 -.2737 . 5399
FI 009B -.3799 !471 -.4051 -.0801
FI 018A .6508 .2404 .4956
FI 019A -.0979 -.4575 .2291
FI 9999 . 3503 -.2453 . 2764
GO 003A -.8552 .3172 .8007
GO 003B -.9623 -.3745 .1841
GO 013A -.1980 -.0752 -.4872
60 050A -.1484 -.2099 -.2567
GO 9999 -.1393 .0014 -.0547
GT 005A .1927 -.1320 -.2845
GT 020A -.4533 -1.403 .2039 .4130
KI OOIA .2971 -1.3645 1.9142
RA 003A .6590 .7361 .9498
RA 003B -.4307 .3855 .8511
RA 004A -.1191 -.1558 .0649
RA 004B -.3900 .810 - .3502 .0593
RA 005A .0580 -.1487 .0497
RA 007A -.3313 -.2291 -.2119
RA 007B .2052 .4407 .2578
RA 008A -.4605 -.1988 -.4755
RA 009A -.4858 .001 -.8217 1.4215
RA 014A .0023 -.1279 .1140
RA 022A .0097 .3111 -.0710
RA 023A -.3301 -.0976 .5516
RA 030A -.0323 -.0629 -.0193
RA 030C -.1157 -1.067 .1044 .1901
RA 042A -.2512 -.2448 .2923
RA 056A -.6509 .689 -.3112 -.4337
RA 057A -.1147 -.6281 .2642
RA 064A .0036 .7879 .0677
RA 114A -.1304 -.6423 .0400
RA 9999 -.0179 .0971 .1212
RI 006A -.0073 . 5940 -.4670
RI 007A -.4740 .008 -.4933 .1867
RI 008A .0054 -.0152 -.0796
RI 009A .0552 .0605 .1965
RI 014A -.1734 .405 .0409 .2186
RI 015A -.1314 .2826 .2860
RI 017A .0866 .4019 .0613
RI 020A -.0174 -.2030 .4045
RI 021A .1020 .3253 -.0276
RI 025A -.4202 -.0609 -.2610
RI 026A -.2188 .727 .5597 .4076
RI 028A .6939 .0561 . 4429
RI 031A -.4025 .0341 .0214
RI 042A -.5320 .0327 -.1483
RI 044A -.7306 -.7270 -.1728
RI 072A -.3842 -1.167 -.8431 -.2208
RI 196A -.3101 . 5740 .6824
RI 198A .2132 1.1870 1.0319
RI 199A -.1915 .9950 .8702
RI 9999 -.1560 .0842 .1671
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APPENDIX SIX continued

e) 30 sites and 15 variables as winter means
Species 
ST OOIA 
ST 002A 
ST OlOA 
ST 9999 
SO OliA 
SO 073B 
ST OOIA 
ST 002A 
ST 003A 
ST 003C 
ST 008A 
ST OlOA 
ST 015A 
TA OOIA

scores
-.5878
-.9956
-.9342
-.4108
-.1177
-.4352
-.2137
-.7748
-.4371
-.5162
-.2745
-.5345

.0981

.6483

05

4

.3568 

.5224 

.8531 

.3754 

.6390 

.5576 

.4294 

.0438 

.0049 

.8773 

.3745 
.7089 
. 2745 
.0477

.306

.062

.024
- . 2 0 2

.174

.840

.054
-1.300

-.255
-1.055

-.656
-1.648

.432
-.241

Environmental variable
loadings

NAME Al l A12 AX 3 AX4
PH . 0 2 7 2 . 6 0 5 6 . 27 2 6 . 10 43

COND . 0 1 8 2 . 1 4 9 9 . 25 21 - . 0 3 0 8
A l t . 1 1 2 ! . 5 6 3 8 . 16 95 . 153 4
SEP - . 6 3 1 1 . 4798 - . 3 2 2 2 . 2446

TP - . 4 7 5 2 . 59 97 - . 3 9 3 2 . 0 5 0 9
S I 0 2 - . 1 9 8 9 . 4 6 6 0 - . 4 3 2 7 - . 1 2 1 8

N03 - . 2 1 8 1 . 01 3 3 - . 2 4 9 3 . 0 6 8 2
Ml - . 2 9 8 6 - . 1 8 4 0 - . 0 8 7 6 - . 0 3 4 7

K - . 1 7 0 1 . 0 1 1 0 . 02 6 6 .0 161
H . 0 7 3 7 - . 2 0 6 4 . 1 9 5 4 . 086 1
Cl . 1 5 5 9 . 3979 . 3 2 1 0 . 01 0 6
Cl - . 2 7 7 7 - . 3 1 1 6 . 0424 - . 2 2 4 1

So4 . 0 7 5 0 . 1 5 5 2 . 38 67 . 00 6 8
Chit - . 2 7 9 9 . 5 1 2 6 - . 3 6 0 6 - . 3 4 1 7

Nil depth - . 5 2 9 9 - . 0 0 2 7 . 5 29 8 - . 3 3 5 1

Sample scores

lAHE All AI2 AI3 AI

816 .4381 .3230 .2427 ■

004 1.2804 .3849 -1.
007 .2262 .0364
031 .5300 -.0140 - .

034 1.5337 -.2793
037 .0939 -.1866 - .

042 1.1383 .0430 -1.
050 -1.3449 -.8947 -1.
053 -.9080 -.5627 - .

057 -.5824 -2.3415 2.
058 -.9254 -.0649
065 .9185 -2.0856 - .

069 .0217 -.6542
073 -.6550 -.6572
074 -1.2006 -.6199 -1 .
076 -.1961 -1.2046 -1.
079 -1.3097 .4937
082 -1.1420 .6777
083 -.7226 .3079
085 -1.1706 1.2498 -1.
086 -.5066 .1993 1.
098 .9682 . 9773 - .

100 .3183 -1.7308 - .

101 -1.4084 .5110
105 -1.9366 .9167
107 1.3513 .0557 1.
108 1.9988 .9017 -.1184
112 2.1172 1.2639 .2582 - ,

113 -1.6451 .6943 2.9764 - .

114 -1.8901 2.5620 2.
120 -1.3189 2.3875 .5066
088 -.3637 -.8079 -.5588 - .

238
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APPENDIX SIX continued

f) 30 sites and 5 variables as winter means 
Correlation matrix

SPEC All 1.0000
SPEC AI2 -.0015 1.0000
SPEC AZ3 .0697 .0455 1.0000
SPEC AI4 -.0135 .0649 .0200 1.0000
EiVI All .8336 .0000 .0000 -.0001 1.0000
ENVI AI2 .0000 .8423 .0000 .0000 .0000 1.0000
ENVI AI3 .0000 .0000 .8928 .0001 .0000 .0000 1.0000
ENVI Alt .0000 .0000 .0000 .8628 .0000 .0000 .0000 1.0000

PB -.0897 -.5252 .5304 -.4271 -.1076 -.6236 .5941 -.4950
SBP -.6435 -.3950 -.1067 .2653 -.7719 -.4690 -.1196 .3075
N03 -.2137 . 0750 .2187 .2444 -.2563 .0890 . 2449 . 2832

Chi a -.3511 -.4824 -.4082 -.2911 -.4212 -.5727 -.4573 -.3373
Mai depth -.4721 .3001 .1438 -.5407 -.5663 . 3563 .1611 -.6267

SPEC All SPEC AÎ2 SPEC AI3 SPEC AI4 ENVI All ENVI AX2 ENVI AI3 ENVI AI4

PB 1.0000
SBP .1416 1.0000
103 .0119 -.0294 1.0000

Chi a .3139 .4310 .2168 1.0000
Max depth . 2305 .1584 -.2852 .0208 1.0000

PI SBP N03 Chi a Max depth

Summary statistics

Dsie (vei^bted) leas stand, dev. inflation f
PB 7.5794 .4162 1.1760

SBP 1.3893 .6835 1.2758
N03 .3846 .3255 1.1614

Chl a 1.6952 . 5546 1.4357
Max depth .1997 .3078 1.1791

ctor

Species scores

NAME All AZ2 AI3 AI4
NAME A1

BIG . 3780 .2487 .1964 .1885
PB - ,

AC OOIA -.4713 -.0893 .7696 2.1335 SBP
AC 0018 .5314 -.1242 .3162 -1.1570 N03
AC 006A . 4465 -.5353 .3735 Chl»
AC 012A .5705 -.2011 .3394 .6229 K»i depth
AC 013A .4112 .7147 .0456 .0225
AC 023A .3094 -.1633 .1970 .4412
AC 032A -.3648 .1148 -1.2963 . 5708
AM 01lA -.0092 -.1549 .1677 .0457
AM 012A .1442 -.4198 .3116
AP OOIA 1.0413 .2383 -.5491
AS OOIA -1.0537 .8104 .2387
AO 002A .1803 .2217 -.0970
AD 0038 -.5895 1.3160 -.2016 .1691
CC OOIA -1.1041 -.4264 .9891 .2754
CC 002A -.5780 -.6227 -.5649 .2184
CC 9997 -.8960 -1.0304 .4848 -.1625

Environmental variable loadings

kU

-.6236
-.4690

.0690
-.5727

.3563

AX3

.594 1 
-.1196 

.2449 
-.4573 

.1611

AÏ4

-.4950 
. 3075 
.2833 

-.3374 
- .6266
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APPENDIX SIX continued

0  30 sites and 5 variables as winter means
Species scores
CK OOIA .2512
CM 004A .2766
CO OOIA .1143
CO OOIB .2960
CO OOSA -.0016
CT 002A -.3145
CT 003A -.9135
CT OllA -.7419
CT 019A .1872
DP 003A .7044
DT OOIA .0007
KO 002A .7758
KO 006A .3599
F: OOIA 1.2306
F: 002A .5518
Fî 002B -.1831
FK 002C .7259
FK 006A .6836
Fi 007A -.0770
FK 009A .2964
Fi 009B -.5408
Fi 018A .6830
Fi 019A .0199
Fi 9999 . 3452
60 003A -.5977
60 0038 -.7645
60 013A -.0707
60 050A -.0818
60 9999 -.0307
6T 005A .2980
61 020A .6555
Ht OOIA .1847
KA 003A .5685
lA 003B -.2768
lA 004A .0701
lA 1641 -.7175
lA 00 5A .2631
lA 007A -.1826
lA 007B .5398
lA 008A -.2922
lA 009A -.4601
lA 014A .0267
lA 022A .0780
lA Q23A -.2715
lA 030A .0475
lA 030C .5849
lA 042A -.0452
lA 056A -.6298
lA 057A -.3563
lA 064A .2672
lA 114A -.1953
lA 9999 .1094
II 006A . 3894
II 007A -.3567
II 008A . 2790
II 009A .0942
II 014A -.3518
I I 015A .2180
II 017A .3610
II 020A -.1408

0741
2087
1076
0438
0234
3932
2235
8471
7144
3902
4361
1104
9908
0195
1045
3635
2321
1237
3062
2693
2484
0170
1592
4179
1968
9981
3901
2923
3445
1986
0748
9789
m s
0804
0445
3811
1732
5127
2271
3919
5681
0244
0271
4741
7287
1327
6159
0745
0500
3447
2945
1737
7162
0168
9633
3110
5398
7463
0025
3670

Species scores
I I  021A . 5066 . 5049 1.092 -.2525
I I  025A -.1870 .2726 .018 .1275
II  026A -.0735 -.7249 .320 -.2617
I I  028A .3479 -.2456 -.5673
II  031A -.3200 .2341 .129 . 4468
I I  042A -.2425 -.1526 .049 -.1302
I I  044A -.6977 .2484 .7030
I I  072A -.5930 1.0695 . 5077
I I  196A . 0292 .4613 .292 . 3347
I I  198A .5528 .7921 1.429 .0013
I I  199A .2854 . 3387 1.015 -.0494
I I  9999 -.0941 .1939 .136 .0843
SI OOIA -.7472 -.8301 .1266
SI 002A -.9407 -.5706 -.0074
SI OlOA -.9091 .0858 J 8 1 -.3209
SI 9999 -.4092 -.7952 -.2082
SO 016A .1272 -.3248 .549 .0873
SO 073B -.4763 .2332 .659 1.2416
ST OOIA -.2600 .1032 .027 .5208
ST 002A -.4810 1.6692 -1.229 -.1089
ST 003A -.4093 .1357 -.2219
ST 003C -.4726 .6721 -.5426
ST 008A .2301 1.0542 -.3816
ST OlOA -.2354 1.3927 -1.318 -.5355
ST 015A .0588 .1884 .137 .0358
TA OOIA .9779 .8515 -.2799

Sample scores
lAMK All A12 AI3 AI 4

KI6 .3780 .2487 .1964 .1885

004 1.2591 -.9715 .1479 -1.8622
007 -.3923 -.2819 . 2234 -.0088
031 1.1589 -1.1151 -.2086 -.4446
034 -1.1607 -1.6693 .3710 .2930
037 .0519 .6334 1.8415 .4225
042 1.5286 -1.2025 .0652 -2.0170
050 -.4076 1.7607 -1.3634 .7303
053 -.2444 .8128 -.5700 -.0453
057 -.1219 .1289 1.1284 4.7331
058 .9923 .5281 -.8502 .2543
065 -1.6968 -1,5451 -2.8389 . 6842
069 -1.1727 -.1575 -1.1511 .3197
073 -.7205 .6575 -.8634 1.1279
074 -.3266 1.5985 -.8008 -.3900
076 -.7336 -.0304 -.9093 -.6262
079 .3853 1.0644 1.1723 -.1730
082 .6435 . 3490 .8878 .2729
083 1.4331 -.1211 -.3087 -.2447
085 -.3324 2.5668 -.9992 -.5776
086 1.3418 -.2908 -.1345 .0041
098 -1.6837 -.1664 .0084 -1.0886
100 -.8784 -.9383 -1.2006 -.0449
101 1.2644 1.0016 -.7470 .2960
105 .6231 1.8921 1.8918 .1544
107 -1.5996 -.9744 1.8650 .5236
108 2.1160 -1.0271 .1387 1.6955
112 1.9284 -1.3901 .0870 -.5229
113 -1.7497 1.1219 1.1191 -1.9335
114 .4260 1.9605 2.0765 .2150
120 -1.8802 -2.0023 1.4884 -.3344
088 -.1254 .6952 .5791 .4193
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PLATES

Description of plates

Plate % SEM: (ail scale bars 5 |im)
a) Cyclostephanos dubius (external view) - typical well-silicified valve, showing 

biseriate fascicles and single areolae at the valve centre.
b) Cyclostephanos dubius (external view) - strongly concave valve with irregular 

spines and interfascicles extending onto the valve margin.
c) Cyclostephanos dubius (internal view) - typical concave valve with one CSP, 

showing marginal alveolae, marginal fultoportulae with two satellite pores, and 
the rimoportula.

d) Cyclostephanos dubius (internal view) - typical convex valve.
e) Cyclostephanos [cf. tholiformis] (external views) - two typical, small, strongly 

undulate valves, showing the distinctly ridged costae and fine biseriate structure, 
and continuation of the branching interfascicles onto the valve margin.

f) Cyclostephanos [cf. tholiformis] (internal view) - typical convex valve showing 
clear CSP and marginal fultoportulae with two satellite pores

Plate 2_ SEM: (scale bars are individually labelled)
a) Stephanodiscus parvus (external view) - typical small, flat valve with clear CSP, 

biseriate fascicles at the valve margin and spines on the interfascicles.
b) Stephanodiscus parvus (internal view) - flat valve showing the location of the 

CSP diagonally opposite the marginal rimoportula.
c) Stephanodiscus hantzschii (external view) - flat valve showing absence of a CSP, 

long spines, large marginal fultoportulae and steep mantle.
d) Stephanodiscus hantzschii fo. tenuis (external views) - valves with broad,

& e) sinuous, multiseriate fascicles and clear central rosette.
f) Stephanodiscus hantzschii (internal view) - typical valve without CSP.

Plate 3 SEM: (scale bars are individually labelled)
a) Cyclotella pseudostelligera (external views) - typical, small, flat valves with

& b) bifurcate marginal striations and distinct MSPs on every 3-6 costae.
c) Cyclotella pseudostelligera (internal view) - typical coarse form with central 

rosette feature.
d) Cyclotella pseudostelligera (internal view) - typical finer form with an 

unomamented centre.

Plate 4 LM: (scale bar 10 pm)
a) Cyclotella radiosa (site No. 120) - typical well-silicified valve.
b) Cyclotella pseodostelligera (site No. 50) - larger, well-silicified form with distinct

central rosette feature.
c) Cyclotella pseodostelligera (site No. 50) - smaller form with unomamented 

centre.
d) Cyclotella atomus (site No. 65) - typical, small valve.
e) Cyclostephanos invisitatus (site No. 100) - finely structured valve.
f) Cyclostephanos dubius (site No. 120) - typical, well-silicified valve.
g) Cyclostephanos [cf. tholiformis] (site No. 120) - small, strongly undulate valves.

& h)
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Description of plates continued

i) Stephanodiscus parvus (site No. 113) - typical, coarse, flat valve with randomly 
arranged central punctae. 

j) Stephanodiscus hantzschii (site No. 120) - typical nominate type with distinct 
spines.

k) Aulacoseira [sp. 1] (site No. 74) - girdle view showing strong sulcus, and quite 
coarse punctae and short spines.

& 1)
m) Fragilaria brevistriata var. capitata (site No. 83) - typical narrow valve with 

capitate ends.
n) Navicula subrotundata (site No. 4) - typical valve with fine striae and diffuse 

central area.
o) Achnanthes minutissima var. robusta (site No. 105) - typical raphe valve with 

broad axial area. ^  
p) Fragilaria construens var. venter (site No. 31) - lanceolate type with capitate 

ends.
q) Fragilaria construens var. venter (site No. 31) - lanceolate type, 
r) Fragilaria construens var. venter (site No. 4) - elliptical type, 
s) Nitzschia palea var. debilis (site No. 114) - typical valve with fine, regular 

fibulae and drawn out ends, 
t) Nitzschia [cf. paleacea] (site No. 86) - typical valve with very fine transapical 

striae and sli^tly capitate ends.
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