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From Rivers To Oceans: A Comparison of Contrasting Aquatic

Ecosystems Using Benthic Size Spectra

AHMED EL-SAYED AHMED ABADA

Abstract

This thesis uses a range of different size spectra to compare contrasting benthic habitats in
the aquatic realm. Temporal and spatial variation in benthic size spectra were investigated
across a full salinity gradient (i.e. from freshwater, through estuarine to marine) in the
River Yealm, south Devon, in order to gauge the influence of large differences in
taxonomy and evolutionary history. Abundance and biomass size spectra showed a similar
pattern among sites in all seasons but winter, suggesting that the size structure of benthic
communities may be similar in sites with very different community compositions. A
subsequent study comparing size spectra across salinity by employing artificial substrata
suggested that substratum type also had little effect on the size structure of these benthic
communities. A technique was developed for obtaining microbial size distributions for
benthic communities and showed that microbial size structures were also similar between
the marine and freshwater sites within the Yealm system. A final study demonstrated that
the shape of size spectra was clearly affected by metal contamination. Size spectra across a
salinity gradient ~(i.e. from freshwater to lower estuary) in the highly contaminated Fal
system were very different to those in the uncontaminated Yealm, due mostly to the low
macrofaunal abundance in the former.

This thesis is the first to assess patterns in benthic size spectra across a full salinity range in
the same system. It is hoped that it will provide a base line for further studies in this
exciting research area in macroecology and that biomass spectra might also prove useful as

metrics for biomonitoring.

iii



LIST OF CONTENTS

Page
COPYRIGHT STATEMENT i
TITLE PAGE i
ABSTRACT 1
LIST OF CONTENTS iv
LIST OF FIGURES viii
LIST OF TABLES Xi
ACKNOWLEDGEMENTS Xiv
AUTHOR'S DECLARATION XV
CHAPTER 1 General Introduction 1
1.1 The concept of body size in ecology 2
1.2 Size spectra in aquatic habitats 4
.2.1 Pelagic size spectra 4
1.2.2 Benthic size spectra 5
1.3  The importance of bacterial size spectra 8
1.4 Size spectra as a contamination biomonitor 9
1.5 Aims 10
CHAPTER 2 Site Description, Physico-Chemistry and Sampling
Methodology 12
2.1 Introduction 13
22  Aims ' 13
2.3 Study areas and sampling sites 13
2.3.1 Study areas 13
2.3.2 Sampling sites 16
2.3.2.1 Yealm sites 16
2.3.2.2 Fal sites 16
2.4  Materials and methods 16
2.4.1 Biotic sampling 16
2.4.1.1 Standard corer samples 16
2.4.1.2 Box corer (30x30x10 ¢cm) 17
2.4.1.3 Artificial substrata 17
2.4.1.4 Faunal processing 17

2.42 Measurement of physico-chemical variables 20

iv



CHAPTER

CHAPTER

2.4.2.1 Salinity, temperature, conductivity and pH

2.4.2.2 Total organic carbon analysis

2.4.2.3 Heavy metal analysis

2.4.2.4 Sediment granulometry

25
2.5.1
252
2.6

3

3.1
32
3.2.1
322
323
33
331
332
333
3.4
35
3.5.1
352
353

Results

Environmental variables

Heavy metals

Discussion

Benthic Biomass Size Spectra Construction
Introduction

Measuring individual biomass

Direct weighing and volume displacement
Biomass estimation from body measurements
Image analysis

Presentation of size spectra

Scaling the X-axis

Scaling the Y-axis

The use of sieves in size spectra construction
Aims

Methods

Sample processing

Measurement of organisms

Statistical analysis

3.5.3.1 Multiple regression analysis

3.6
3.7
3.8
4

4.1
4.2
43
4.4
4.4.1
442

Results

Discussion

The recommended method for BBSS construction
Variation in Benthic Size Spectra Across A Full Salinity
Gradient

Introduction

Aims

Materials and methods

Results

Seasonal and spatial variations in Abundance size spectra
Taxa driving patterns in abundance and biomass size

spectra

20
20
20
2]
21
2]
24
30
31
32
33
33
33
34
35
35
36
38
38
38
38
39
42
43
48
63
65

67
68
69
70
70
70

71



CHAPTER

CHAPTER

4.43 Seasonal and spatial variation in absolute BBSS 74

4.4.4 Seasonal and spatial variation in standardised BBSS 83
4.4.5 Normalised biomass size spectra 86
4.5  Discussion 90
5 Benthic Bacterial Biomass Size Spectra 93
5.1 Introduction 94
5.1.1 The choice of bacterial size categories 95
52  Aims 95
5.3  Methods 96
5.3.1 Biotic and Abiotic sampling 96
5.3.2 Sample processing 96
5.3.2.1 Extracting microorganisms from sediments 97

5.3.2.2 Re-extraction of adherent microorganisms

from sediments 103
5.3.3 Qualitative estimation of microorganisms 104
5.3.3.1 The minimal sediment medium 104
5.3.3.2 The enriched sediment medium 104
5.3.4 Quantitative estimation and biovolume measurements 105
5.3.5 ATP extraction (activity measure) 109
5.3.6 Statistical analysis 109
5.4  Results 110
5.4.1 Bacterial culturing 110
5.4.2 Physico-chemical characterisation of freshwater

and marine sites 110
5.4.3 Epifluorescence technique 112
5.4.3.1 Bacterial abundance 112
5.4.3.2 Bacterial biomass 112
5.4.4 ATP estimation 115
5.5  Discussion 115
5.5.1 Bactenal abundance 115
5.5.2 Bacterial biomass 117
5.5.3 ATP analysis 118
5.6 Summary 119
6 A Coparison of Standardised Benthic Biomass Size Spectra

Across A Salinity Gradient Using Artificial Substrata 120

6.1 Introduction 121




6.2
6.3
6.4
6.5
CHAPTER 7

7.1
12
7.3
74
7.4.1

Aims 121
Materials and methods 121
Results 123
Discusston 128

The Influence of Heavy Metal Contamination on Benthic

Size Spectra 131
Introduction 132
Aims 134
Materials and methods 134
Results 135
Fal system 135

7.4.1.1 Mean ESD, biomass comparison among sites

and sieves 135
7.4.1.2 Abundance size spectra 135
7.4.1.3 Biomass size spectra 138
7.42 Comparison of Fal and Yealm systems 143
7.4.2.1 Mean ESD comparison between the two systems 143
7.4.2.2 Abundance size spectra 143
7.4.2.3 Biomass size spectra 147
7.5  Discussion 155
7.5.1 The Fal 155
7.5.2 Comparison of the Fal and the Yealm 156
7.6  Conclusion 159
CHAPTER 8 General Discussion and Conclusion 160
8.1 Variation in benthic size spectra between highly contrasting
sites 161
8.2  Are benthic size spectra useful for contamination
monitoring? 164
83  Further technical developments 165
8.4  Further research 167
8.5  Conclusion 168
1. Metazoan size spectra 168
2. Microbial size spectra 168
3. Size spectra as a biomonitor 168
APPENDICES 169
REFERENCES 207

vii



Figure 2.1
Figure 2.2
Figure 2.3
Figure 2.4

Figure 2.5
Figure 2.6

Figure 2.7
Figure 3.1
Figure 3.2
Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8

Figure 3.9

Figure 3.10

Figure 3.11
Figure 3.12

LIST OF FIGURES

Study sites in: A) the Yealm and B) the Fal. 14
Seasonal variation of temperature in the Yealm system. 23
Seasonal variation of conductivity (ms) values in the Yealm

system. 23
Seasonal variation of salinity values in the Yealm system 27
Seasonal variation of % of organic carbon in the Yealm system. 27
Diagram of grain size (®, phi) distribution illustrated as

comulative curve in: A) the Yealm and B) the Fal system. 28

Seasonal concentrations (pg/g) of Cu, Zn and Pb in: 1) the Yealm

and 2) the Fal. 29
The relationship between precision and subsample size. 41
The digitising pad used for measuring organisms. 4]

The three models of multiple regression analysis A) model 1,

B) model 2 and C) model 3. 45
Predicted and measured mean biomass values for Nematoda,

B) Copepoda and C) Oligochaeta in the Yealm system. 47
The mean sieve (ESD) values of organisms collected in 12

mesh sizes showing high significant difference among the sieve

sizes. 53
Overall percentage of the measured major taxa per sieve in all

sites. 54
Log transformed total (ESD) values of the study sites (Yealm)

across the sieve sizes. 56
Total biomass size spectra constructed using (mean sieve,

mean shape & mean major taxon) biomass in summer for

freshwater, middle estuary and marine site. ' 59
Benthic size spectra for freshwater, middle estuary and marine

sites in summer: A) abundance; and total biomass constructed

using B) mean sieve biomass, C) mean shape biomass, and

D) mean taxon biomass. 60
Total biomass size spectra constructed using mean (sieve, shape

and taxon) biomass for marine site in summer A), autumn B),

winter C) and spring D). 61
Seasonal mean abundance in the marine site. 62

Seasonal biomass size spectra for marine site constructed using

viii




Figure 4.1

Figure 4.2

Figure 4.3

Figure 4 4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

Figure 4.11

Figure 4.12

Figure 4.13

Figure 5.1a

Figure 5.1b

Figure 5.1¢c

Figure 5.2
Figure 5.3

A) mean sieve biomass, B) mean shape biomass and C) mean taxon
biomass. 62
Abundance size spectra in the Yealm in A) summer; B) autumn;

C) winter; and D) spring. 73
Standardised abundance size spectra for all sites in the Yealm

in 1) summer, 2) autumn, 75
Standardised abundance size spectra for all sites in the Yealm

in 1) winter, 2) spring. 76
Mean abundance of the major taxa in the Yealm in 1) summer

and 2) autumn. 77
Mean abundance of the major taxa in the Yealm in 1) winter

and 2) spring. 78
Log biomass (N+1) interaction plot of seasons and sites in the

Yealm. 79
Absolute benthic biomass size spectra for all sites in the Yealm

in summer. 80
Absolute benthic biomass size spectra for all sites in the Yealm

in 1) summer; and 2) autumn. 81
Absolute benthic biomass size spectra for all sites in the Yealm

in 1) winter; and 2) spring. 82
Standardised benthic biomass size spectra for all sites in the Yealm

in 1) summer, 2) autumn. 84
Standardised benthic biomass size spectra for all sites in the Yealm

in 1) winter, 2) spring. 85
Normalised benthic biomass size spectra for all sites in Yealm

in 1) summer; and 2) autumn. 87
Normalised benthic biomass size spectra for all sites in Yealm

in 1) winter; and 2) spring. 88
Processing of the unpreserved sediment sample for Qualitative,
Quantitative and ATP estimation. 99
Processing of the preserved sediment sample for Quantitative
estimation. 100
Processing of the unpreserved sediment sample for ATP

estimation. 101
The image analyses unit used. 108

Bacterial abundance in freshwater and marine sites per 1 cm®

ixX




Figure 5.4

Figure 5.5

Figure 5.6
Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4

Figure 7.1

Figure 7.2

Figure 7.3

Figure 7.4

Figure 7.5

Figure 7.6

Figure 7.7

Figure 7.8

Figure 7.9

Figure 7.9
Figure 7.10

of sediments. 113

Mean bacterial cell biomass in freshwater and marine

sediments (pg). 113
Average total bacterial biomass (ng) in freshwater and marine

sediments (in Log; - scale) per 1 cm’. 13
ATP concentration (ng/litre) for freshwater and marine sites. 114

Abundance size spectra as % of total in the Yealm system per

sampling unit. 124
Abundance size spectra as % of total in the Fal system per

sampling unit. 125
Biomass size spectra as % of total in the Yealm system per

sampling unit. 126
Biomass size spectra as % of total in the Fal system per sampling

unit. 127
Interaction plot of log transformed abundance size spectra in the

Fal sites. 139
Abundance size spectra for four sites in the Fal system in

A) summer, B) autumn. 140
Standardised abundance size spectra for four sites in the Fal system

in A) summer, B} autumn. 140
Mean abundance of most abundant major taxa in the Fal in

) Summer, 2) Autumn. 141
Absolute biomass size spectra for four sites in the Fal system in

A) summer; B) autumn. 142
Standardised btomass size spectra for four sites in the Fal system

in A) summer; B) autumn, 142
Interaction plot of the log transformed (ESD+1) values with the

sieve sizes for all sites in both systems, Yealm and Fal. 144
Abundance size spectra in A) summer, B) autumn in both systems
(Yealm and Fal). 146
Benthic biomass spectra in A} summer,

B) autumn for freshwater and middle estuary

sites in Yealm and Fal systems. 149
continued. 150
Interaction plot of log transformed biomass values with seasons

(autumn and summer) for freshwater and middle estuary sites in

X



Yealm and Fal. 151
Figure 7.11  Normalised benthic biomass size spectra in A) summer, B) autumn
in freshwater and middle estuary sites in Yealm system. 152

Figure 7.12 Nommalised benthic biomass size spectra in A) summer, B) autumn

in the Fal system. 153




Table 2.1
Table 2.2
Table 2.3
Table 2.4
Table 2.5
Table 2.6
Table 2.7

Table 3.1

Table 3.2

Table 3.3

Table 3.4
Table 3.5
Table 3.6
Table 3.7
Table 4.1

Table 4.2

LIST OF TABLES

Sampling dates for the Yealm and Fal systems, using different
samplers. 19
Annual values of temperature (°C) in the Yealm and Fal systems. 22
Annual values of pH values in the Yealm and Fal systems. 22
Annual values of conductivity values {(ms) and salinity (,%) in

A) Yealm and B) Fal systems. 22
Annual values of % organic carbon in: A) the Yealm and B) the

Fal systems. 25
Pooled annual values of sediment grain size in the Yealm and Fal
systems. 25
Mean heavy metal concentrations in the Yealm and Fal systems

in four seasons. 26
Published and derived* values of density and dry/wet weight ratios
for the different aquatic habitats. 42
Regression equations for the major taxa in the Yealm in freshwater
(FW), middie estuary (ME) and marine site (MA) in relation to the
sieve size. 51
The number of individuals for which length-mass relationships were
used (power equation) and for which geometric shape categones
were applied, ratio of body length to mesh size for each sieve size,
ratio of body width to mesh size, ratio of [body length/mesh size)/
[body width/mesh size] and the mean individual ESD values (mm)
for each shape. 52
Overall percentage of the measured organisms per sieve in the Yealm
system. 55
(F) values of ANOVA for the log transformed ESD and biomass
values in Yealm. 57
(F) values of multifactor ANOVA of total BBSS resulted from using
the three means of biomass for three different sites in one season. 58
(F) values of multifactor ANOVA of total BBSS resulted from using
the three means of biomass for one site in all seasons. 58
Seasonal sum of the % of biomass in the sieve size category 500-2000
pum for the different sites. 84
Normalised biomass size spectra: slopes, intercepts, correlation
CoefTicients (r*) and the P values for the study sites in the different

Xii



Table 5.1
Table 5.2
Table 5.3

Table 5.4

Table 7.1

Table 7.2

Table 7.3

Table 7.4

Table 8.1

seasons. 89
The fate of each 5 cm® aliquots in each size category in the first

run. 98
Freshwater bacteria cultivated in the enriched sediment medium. 111
Marine bacteria cultivated in the enriched sediment medium, 111
ATP (ng/litre) concentration in each size category for the freshwater
and marine sediments. 114
(F) values for the ANOVA in the Fal system; for testing ESD and
biomass values for four different levels, Total; Shape; taxonomy;

and Biology (organisms body dimensions). 136
Regression equations for biomass of the major taxa in the Fal

system. 137
Differences in organisms body lengths and widths (in cm) affecting

he ESD values between Yealm and Fal resulting in an increase in the
Fal's ESD values. 145
Slopes, intercepts and R? values of the normalised benthic biomass
size spectra in Yealm and Fal systems in both autumn and summer. 154

Some examples for the variability in benthic size spectra. 162

xiii



ACKNOWLEDGEMENTS

I would like to take the opportunity to thank my supervisor Dr. Simon Rundle for all the
continuous encouragement, guidance and support given to me throughout my studies. It
has been a great privilege to have him as a supervisor and also to be able to share his vast
knowledge and experience. Deepest appreciation is also extended to my second supervisor,
Dr. Martin Attrill for his constructive comments and guidance. I would like to thank Prof.
Richard Warwick for his encouragement and assistance. Many thanks to Dr. Paul Ramsay
for his invaluable assistance in biomass calculation and data representation.

I would also like to acknowledge the assistance granted to me by Dr. Graham Bradley of
the University of Plymouth in helping me processing the microbial samples as well as his
cordial support. Many thanks to Dr. John Moody for his personal generosity in allowing
me to use his advanced laboratory and helping me in ATP estimation for the sub-micron
microbial community.

I am most indebted to the technicians of the Department of Biological Sciences for their
logistic support and special thanks to Mrs. Anne torr who occasionally accompanied me to
the field and Miss. Alex Fraser for helping with the trace metal analysis. Special thanks to
Mr. Roger Haslam, Richard Ticehurst and for the diving staff in the University Diving &
Sailing Centre, Jerry Barker, Pete Brown, Peter Ede, Pete Rustage, Sue Syson and Jon
Yorke who were the diving team for collecting the samples from the Lower estuary and the
marine sites. My thanks to Mr. Pett for providing me with the laboratory equipments.
Many thanks to Mr. Paul Russell for his assistance in processing the microbial samples
using the image analyser unit. I would also like to thank the staff of the Department of
Geography for their assistance with the total organic carbon. The assistance and
companionship of Dr. Aziz Arshad throughout the studies are also appreciated and I thank
him for his continuos assistance during the field sampling. Many thanks to Mr Sean
Nicholson in Plymouth marine Laboratory for providing me with the software used for
measuring the organisms. The friendship of the past and present PhD colleagues in the

department is gratefully acknowledged.

The thesis would not have been possible without the scholarship awarded by the Egyptian
Government. This scholarship allowed me to fulfill a life long ambition and to gain an
invaluable training in a forigen research istituation.

Finally, 1 would like to thank my wife for her endless share of loves, utmost understanding
and incessant inspiration throughout the studies; to my lovely children, Ghada and
Mohammed for cheering me up over the difficult periods, and to my parents for their

loving care and support.

Xiv



AUTHOR'S DECLARATION

At no time during the registration for the degree of Doctor of Philosophy has the author
been registered for any other award.

This study was financed by the Egyptian Government.

A programme of advanced study was undertaken, which included instruction in macro-;
meiofaunal & microbial sample processing; and instructions for wusing the
STATGRAPHICSPLUS programme for statistical analysis. Practical training has been
achieved in Image analysis; Epifluorescence; Bioluminescence and X-ray microanalysis.

Relevant scientific seminars and conferences were attended, at some of which work was

presented:

» Poster presentation at the 10" International Meiofauna Conference (XIMCO),
Plymouth, July, 1998, entitled: "Is the benthos really bimodal? An assessment of

biomass size spectra across the freshwater-marine sites".

> Oral presentation to the Department of Biological Sciences, University of Plymouth,

April, 1998, entitled: "Biomass size spectra: a metric of aquatic communities".

> Attendance at The Biology of Crustacea Conference, University of Plymouth, April,
1996.

> Assisting in publishing a paper entitled "A rapid method for estimating biomass size
spectra of benthic metazoan communities" with Ramsay, P. M.; Rundle, S. D,; Attt'ill?
M. I; Uttley, M. G.; Williams, P. R ; Elsmere, P. S. and A. Abada. In Canadian Journal
of Fishies and Aquatic Sciences 54: 1716-1724 (1997).

» An accepted abstract to be presented orally in Germany (SETAC) 1999, entitled

"Benthic biomass size spectra as a monitor of aquatic ecosystems".

Signed ... '&J\\uﬁ,ﬁ.})}’i

Date "3’2@ Qo.....



CHAPTER 1

General Introduction



1. INTRODUCTION

1.1 The concept of body size in ecology

Body size plays an important role in the determination of the niche size of species. The
tendency of adjacent species to exhibit regular differences in body size is considered as a
common feature for animal guilds that are strongly segregated along a single-resource
dimension (Begon e al. 1996). Hutchinson (1959) reported that sequences of potential
competitors had a weight ratio of approximately 2 or length ratio of approximately 1.3,
which was likened to the body length of a conventional musical ensemble of recorders.
Accordingly, some authors have used the log biomass or log: Equivalent Spherical
Diameter (ESD) as a fractionating unit for the biomass of organisms in biomass size
spectra (Warwick et al. 1986; Warwick and Joint, 1987, Ramsay ef al. 1997 and Duplisea
and Drgas, 1999; as examples) arguing that this scale corresponds to Hutchinson's size
ratio for explaining niche differentiation among coexisting species. However, some authors
have used a log;o scale (Schwinghamer, 1985; Strayer, 1986; Poff ef al. 1993) probably
due to its simplicity as a standard log.

The relationship between abundance and body size has received much recent attention
from ecologists (Blackburn ez al. 1990; Griffiths, 1992; Blackburn et al. 1993; Strayer,
1994; and Warwick and Clarke, 1996). Blackburn ef al. (1990) reported that, for a large
range of species drawn from different communities, population densities generally
decreased with increasing body size, although, for some groups (birds and beetles) highest
densities tended to be in the intermediate size categories. They argued that this was
probably due to the presence of more intermediate-sized species in the communities, and
that the lower densities at large and small body sizes was due to there being so few species
in these size classes. Justification for the density decline among very small species was
suggested to be due to increased energy needs per unit body size. From the aquatic realm,

Warwick and Clarke (1996) showed that for European macrobenthic assemblages, plots of




species abundance against body size show more species of intermediate size compared
with larger or smaller sizes.

Some workers have also tried to relate abundance/body size relationships to energetics.
Damuth, (1981, 1987), Peters and Wassenberg, (1983) and Peters and Raelson, {1984),
came to the conclusion that there was a linear relationship (on logarithmically transformed
scales) between population density and body size, with an approximate slope of -0.75.
Damuth, (1981, 1987, 1991) combined this abundance body size relationship with the
metabolic rate body weight relationship (i.e. the chemical food energy obtained by
organisms of different size classes (Schmidt-Nielsen, 1984) which scales to the 0.75 power
with the body weight (Kleiber, 1961)) to generate the "energetic equivalence rule". This
rule states that equal amounts of energy are available to each species in a community
regardless of its size. This was criticized by Blackburn er al. (1993) and Strayer (1994)
who argued that the slope of abundance body size relationship differs significantly from -
0.75 within many individual assemblages. Moreover, Marquet ef al. (1995) proposed that
the positive slope characterizing the allometry of maximum densities for small organisms
violates the Energy Equivalence Rule (i.e. that maximum energy use is dependent on body
size). This may be due to the different slope, which will result in this case. In other words,
the presence of a positive slope in small organisms will alter the overall slope from -0.75,
which will consequently affect the validity of the energy equivalence rule. Moreovef,
Schmidt-Nielsen (1984) demonstrated that slopes of the metabolic rate/body size
relationship for invertebrates could vary from less than 0.67 to over 1.0.

Blackburn ef al. (1993) concluded that ecological assemblages are characterized by weak
negative relationships between body size and abundance and that size is a poor predictor of
population abundance. Depending on the statistics used (e.g. OLS, Ordinary Least Squares
or RMA, Reduced Major Axis) the largest proportion of available energy is controlled by
either large species or small species respectively. They concluded that no evidence for a

general energetic equivalence rule exists.



Marquet e/ al. (1995) showed that medium sized organisms attain highest population
densities, which subsequently decrease towards both larger and smaller organisms. They
added that for measurements of the metabolic rates for mammalian primary consumers, the
energy use fluctuates widely among species and its upper limit is dependent on the
organism's body size, peaking at a body size of 100 g then decreasing towards smaller or
larger body sizes. It has been proposed that this value is the optimum mammalian body size
in both evolutionary and ecological time scales. This is the result of physiological
constraints related to the rate at which resources are obtained from the environment and
transformed into energy to do reproductive work. Moreover, the relationship between
population energy use and body size is strongly affected by diet. For example, omnivores
showed a positive relationship while carnivores and insectivores species showed a negative
relationship.

Marquet et al. (1995) reported that variability in population energy use, even for species of
similar size, is likely to be the result of different amounts of energy being available to
them. Under this concept, energy is not equally available to species of all sizes. The way in
which individuals are distributed among species within communities (i.e., relative
abundance pattern) should parallel the way energy is distributed. They added that the
detection of an optimal body size, in the multiphyletic intertidal communities studied,

could reflect more the effect of an ecosystem/habitat-related evolutionary constraint.

1.2 Size spectra in aquatic habitats

1.2.1 Pelagic size spectra

The study of size spectra began in pelagic habitats, where Sheldon ef al. (1972) suggested
that the biomass of organisms, grouped in logarithmically increasing size classes, was
roughly constant, i.e. biomass in each size class is roughly the same. By adaptation of
automatic particle counters (Sheldon ez al. 1972), it was possible to describe quickly the

size structure of entire pelagic communities. The resulting size spectra were used to
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compare pelagic communities from different environments and to develop models of the
energetics of planktonic food webs by combining these size spectra with physiological rate
laws (e.g., Sheldon er al. 1972; Kerr, 1974).

Body size approaches have been used widely and successfully in the pelagic zone (Silvert
and Platt, 1978; Platt and Denman, 1978; Garcia ef al. 1995; Wen, 1995; Cyr and Peters,
1996, Tittel er al. 1998 and Havens, 1998). Biomass size spectra may have important
applications; for example, as a quick, inexpensive method for assessment of fish
communities for management purposes (Mills and Schiavone, 1982 and Mills ef al. 1987).
Moreover, Sheldon size spectra have been used both to compare aquatic systems (e.g.
Sprules and Munawar, 1986) and to develop models of food web energetics leading

ultimately to predictions of fish yield (e.g. Borgmann, 1987).

1.2.2 Benthic size spectra

Benthic communities have their own charactenstics that promote using a size-based
approach. They are often species rich and difficult to describe taxonomically. They may
also contain organisms spanning a wide size range (perhaps 10 orders of magnitude within
the metazoan community). Moreover, much of benthic ecology is implicitly size-based
because benthic ecologists usually use sieves to separate organisms from sediment
(Strayer, 1991).

Schwinghamer (1981) was the first to use biomass fractionation to compare the benthic
biomass size spectra of several marine sites in Nova Scotia. He described the size structure
of an entire benthic community as a trimodal spectrum. The three peaks represent
microbiota (bacteria and algae), meiofauna (small benthic animals such as copepods and
nematodes), and macrofauna (large benthic organisms such as clams and large worms).
Few organisms fell into the intervening size ranges resulting in the appearance of troughs.
Schwinghamer hypothesized that the largest (i.e., much larger than the grain size of the
sediment) macrofaunal organisms perceive the sediment as a solid volume, on which they

settle, or in which they can burrow. Meiofaunal-sized organisms live in the interstices of
5



the sediment, and the microbiota attach to sediment grains. It follows that the size structure
of the zoobenthos should differ between two sites with different sediment grain sizes.
However, Warwick (1984) showed that the species size structure of the marine zoobenthos
was relatively unresponsive to sediment charactenstics and confirmed that zoobenthic
metazoan size spectra are bimodal in marine sediments with a trough at an adult body size
of about 45 pg dry mass. Warwick suggested that this bimodal spectrum had an
evolutionary basis: large organisms and small organisms have different suites of important
biological attributes with intermediate forms being maladapted.

Despite the speculative discussion of Warwick ef al. (1986) in terms of a benthic/pelagic
interaction, they gave important explanations for the bimodality of the biomass size spectra
in marine sites. They argued that many macrobenthic species have planktotrophic larvae
within the size range of adult meiobenthic species. These larvae grow to the maximum
size, which corresponds with the benthic trough or the pelagic peak. If these larvae
remained on the bottom, they would find niches according to their size, comprising a
highly efficient consumer unit (as well as the settled larvae on the bottom after they began
competing with the holoplankton) due to their high diversity and variety of narrowly
specialized feeding mechanisms. They added that competition for food with the
meiobenthos is not the only factor which may render the benthos inhospitable to the young
larvae of macrofauna. Predation by meiobenthos on such larvae is another factor, which
may be potentially intense. They gave another possible explanation for the benthic trough
between macrobenthos and meiobenthos, in that feeding and safety conditions for these
macrobenthic larvae are more favorable in the water column than on the bottom. This
suggests that the interaction of these larvae with the meiofauna over an evolutionary time-
scale may have a significant role in shaping macrobenthic life-history patterns.

Warwick ef al. (1986) examined the effect of the absence of pelagic interaction pressure
(i.e. the possibility that the pelagic community might preferentially graze parts of the

phytoplankton size spectrum before arriving on the bottom) in a community with non-



phytoplankton particulate matenial (highly organically enriched). They concluded that this
community has a size distribution occupying the trough in normal benthic communities.
Therefore, the absence of pelagic interaction with the benthic realms may be a reason for
this convergence of macrofauna and meiofauna.

The bimodality pattern previously suggested has not been found universally in marine
systems. For example Ramsay ef al. (1997) recorded a biomass increase with the body size
for brackish water sites in South West Britain and the same pattern of biomass size spectra
was recorded in the Baltic Sea (Duplisea, 1998; Drgas et al. 1998; Duplisea and Drgas,
1999).

Benthic biomass spectra in freshwater sites also show different patterns. Strayer (1991)
suggested that the presence or absence of a biomass trough between macrobenthos and
meiobenthos for marine and freshwater benthic biomass size spectra respectively, could be
as a result of the presence of chironomid midges and Oligochaeta in freshwater sites which
have body weights in the range representing the marine biomass trough. Moreover, Giere
(1993) reported that, in freshwater systems, macrofauna have predominantly holobenthic
larvae with rare planktonic stages resulting in a predictable unimodal benthic biomass size
spectra without troughs. In addition, the lack of adult insects, which leave the aquatic biota
after metamorphosis, and thus do not compete with the other macrobenthos, forms another
principal difference from the marine realm. The majority of freshwater size spectra
conform to this pattern of unimodality of benthic biomass size spectra, for example:
Strayer (1986) for a lacustrine zoobenthic community, Morin and Nadon (1991) for 12
streams of the Ottawa-Hull region; Bourassa and Morin (1995) for 9 stream sites in Eastern
Ontario and Western Quebec; Cattaneo (1993) for 3 Laureﬁtian streams (Quebec); and
Ramsay ef al. (1997) for 2 freshwater sites in the River Yealm UK. However, some other
freshwater studies have shown bimodal patterns similar to those observed in marine sites;
for example: Poff et al. (1993) for the sandy bottom of the Piedmont stream; Rasmussen

(1993) for the macrobenthic community in 11 lakes of the Quebec Eastern Townships;



Rodriguez and Magnan (1993) for the Lacustrine macrobenthos of 3 Laurentian Shield
lakes and Hanson et al. (1989) for macrobenthos in 3 depth zones in a deep lake in Alberta.
This variability in benthic biomass size spectra could be the result of the different
methodologies used; there still a lot to know about the forces forming biomass size spectra
in terms of temporal and spatial scales. Recently, Ramsay ef al. (1997) developed a more
rapid method for estimating metazoan benthic biomass size spectra using a geometric
series of nested sieves. The advantage of this method is that it enables the investigator to be
consistent over the whole size range being examined which could at the end eliminate the
possible artifacts resulting from using inconsistent methodology. Ramsay ef al's method
has an important application in terms of reliable comparison of a wide variety of aquatic

systems.

1.3 Importance of bacterial size spectra

Despite the very important role of microorganisms in the aquatic habitats, most size-ba.sed
studies have focused on metazoan components. To date the only previous work on benthic
microbial size spectra is for marine systems (Schwinghamer, 1981, 1985; Warwick and
Joint, 1987). However, there are some studies dealing with the microbial size fractionation
in the water column in separate systems i.e., either freshwater or marine systems, for
example, Weinbauer and Hofle (1998) studied the size-specific mortality by natural virus
communities for bacterioplankton in Lake PluBsee, Germany; Gasol (1991) investigated a
planktonic community in Lake Ciso in North East Spain, Cole ef al. (1993) examined
bacterial biomass and cell size distributions in 20 Lakes in U.S.A.; and Azam and Hodson
(1977) investigated size distribution and activity of marine microheterotrophs in a variety
of water masses. Therefore, the application of a size-based approach to the microbial
components of benthic communities in both freshwater and marine systems in one study
will promote direct comparison of the size-specific activities and biomasses in these two

contrasting habitats. Microbial spectra might help to explain some of the variation in the



total biomass among sites as microbes are one of the most important sources of food in
both benthic and pelagic communities (primary producers). For example, Linley and Koop
(1986) reported that pelagic bacteria may be an important food source for benthic
consumers exclusively dependent on these smaller size ranges. Danovaro ef al. (1998)
pointed out the importance of benthic nanoflagellates in the food web as a significant
contributor for the direct transfer of bacterial biomass to the metazoan component in the
Cretan Sea.

Moreover, size fractionation of bacterial activity may provide valuable information about
which bacterial size classes are active (Delgiorgio and Scarborough, 1995; Berman ef al.
1990). These active size classes could then be studied separately to evaluate their
importance in many biological processes (e.g. biodegradation etc. Gilmour and Henry,
1991).

One of the most important challenges in size spectra construction over the whole benthic
size range from microbes to metazoans is the usage of a consistent methodology which
may eliminate any artifacts that could result from using different methodology and allow
better understanding of benthic ecology. Therefore, the recently developed technique
(Ramsay et al. 1997) was adopted for microbes (bacteria) to achieve consistent
methodology for both metazoans and microbes. Accordingly, one of the thesis' aims is to

develop such technique to be used for the whole microbial category as well as metazoans. '

1.4 Size spectra as a contamination biomonitor

Benthic organisms have been widely used for contamination monitoring in aquatic systems
(e.g., Hendricks ef al. 1974; Brown, 1977, Aston and Milner, 1980, Martin and Castle,
1984; Lambshead, 1984; Shiells and Anderson, 1985, Warwick, 1986, Hodda and
Nicholas, 1986; Raffaelli, 1987, Warwick ef al. 1987, Mair ef al. 1987, Moore and Bett,
1989; Gower ef al. 1994; Somerfield et al. 1995; Ahn and Choi, 1998). The benthic mode
of life and the close association of benthic organisms with the sediment mean that such

organisms may be the most sensitive to contamination. Moreover, sediment contaminant
g



concentrations (e.g. heavy metals) usually exceed those of the overlying water by between
three and four orders of magnitude (Bryan and Langston, 1992).

Warwick (1993) suggested that small organisms have a large surface area relative to the
body size, indicating more sensitivity. He pointed out that methods employing lower levels
of organization than the community level (such as biochemistry and physiology) reflect the
condition of the organisms just at the time of sampling, whereas the structure of an
assemblage of organisms reflects the integrated conditions over a period of time.
Schwinghamer (1988) suggested body size as a sensitive indicator of contamination and an
accessible community level to investigate contamination effects. Moreover, the
characteristic patterns of benthic biomass size spectra, despite the large differences in the
taxonomic structure, have encouraged ecologists to use them as a contamination
biomonitor (Schwinghamer, 1988, Duplisea and Hargrave, 1996). In terms of the
differential response of macrobenthos and meiobenthos to contamination, Warwick (1993)
suggested that, in organically enriched habitats, macrofaunal and meiofaunal sizes
converge in the species size distribution leading to the formation of one peak. This would
correspond to the biomass trough between macrofauna and meiofauna peaks in
unperturbed communities. He argued, however, that this is unlikely due to the insensitivity
of species size distribution to the increased number of individuals which occur in such
contaminated habitats (species size distribution do not take number of individuals into
account). Moreover, species size distribution is not an easy task for routine purposes due to

demanding a high level of expertise in taxonomy.

1.5 Aims

Tt is clear that we still have much to learn about benthic size spectra and that there is a need
for a consistent methodology if they are to be useful in understanding fundamental ecology
and for monitoring. The main research objectives of the current study were:

1. To refine the method for benthic biomass size spectra construction developed by

Ramsay et al. (1997). This was to be achieved by constructing BBSS using three
10




different site-specific biomass conversion factors mainly mean sieve, mean shape and
predicted mean major taxon biomasses. The latter was to be generated from the
measured values by regression analysis.

2. To assess the seasonal variation in benthic size spectra (abundance and biomass)
across a full salinity gradient (i.e. from freshwater to marine) within the same
river/coastal system.

3. To develop a standard methodology for microbenthos in terms of constructing biomass
size spectra and to compare microbial (bacterial abundance, biomass and ATP activity)
size classes between the freshwater and the marine sites within the same system (the
River Yealm).

4. To standardise the sediment grain size effect on the BBSS by comparing these size
spectra in artificial substrata with those in the natural sediments at the sites representing
a range of salinities and heavy metal contamination.

5. To assess the impact of heavy metal contamination on the shape of benthic biomass
size spectra across a salinity gradient within a polluted estuary in comparison with an

uncontaminated system.
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CHAPTER 2

Site Description, Physico-Chemistry and Sampling Methodology



2. Site description and physico-chemistry.

2.1. Introduction

The systems studied, the Yealm and Fal estuaries, lie within the counties of Devon and
Cornwall, respectively, Southwest Britain. These two estuarine systems were chosen to
compare benthic size spectra across a full salinity gradient (Yealm) and to assess the effect

of metal contamination impacts on these spectra (Fal).

2.2. Aims

This chapter aims to describe the study sites, to document their phystco—chemistry and to

describe the sampling methodology used for benthic fauna.

2.3. Study areas and sampling sites

2.3.1. Study areas

Two river systems were chosen for the current study. The first (River Yealm) represented a
putative clean system and the second (Carnon river/Restronguet Creek in the Fal) a system
heavily contaminated with trace metals.

The Yealm system (Figure 2.1a) is situated on the south coast of Devon to the east of
Plymouth Sound. The Yealm estuary extends from the Bar at its mouth for 6.5 km to its
maximum tidal extent. Newton Creek is an arm of the Yealm, which is 1.5 km long. There
are no major industries or docks bordering the Yealm and the shores are mainly unaltered
by the activities of man, except for a small walled area built in the mid-estuary to make
ponds, and some further flood defenses bordering Newton Ferrers, particularly in Newton
Creek, which extend into the main Yealm estuary. Extensive Yacht moorings are present in

the lower estuary but the river bed above this is privately owned and only a few moorings

exist beyond this point (Hiscock and Moore, 1986).







The second study site was part of the Fal estuary system, which is situated in southern
Comwall. The Fal estuary contains tidal creeks, which open into Carrick Roads at the
mouth of the system. Each of these creeks has a small central stream and extensive areas of
mudflats (Figure 2.1b).

Mining of metals in this part of Comwall probably started following the recovery of
alluvial tin. Up to 50% of the world’s supply of copper, tin and arsenic was produced
during the 19" century from mining activity in Cormnwall. A considerable number of such
mines was located in the Camnon Valley to the west of the main Fal system. After the
closure of the last tin mine in the Carnon Valley in March 1991, and the removal of the
pumps _that had been de-watering the mine, water in the mine which was acidic and
contained significant levels of heavy metals (Cd, Zn, Ni, As, Cu, and Fe) began to rise and
started discharging to the Camon River in November 1991. Approximately 45 million
litres of acidic (pH 3.1), metal laden (Cd concentration > 600 ul I'' ) water discharged via
the Camon River into Restronguet Creek, where it mixed with neutral seawater.

In 1992 treatment of waters resumed and metal concentrations in the river water entering
Restronguet creek quickly returned to pre-November (1991) levels. However, over time,
due to the mining activities, a marked gradient of sediment metal concentrations was
produced in creeks leading into Carrick Roads. In the 1970s, the levels of heavy metals in
otherwise similar creeks in the different parts of the Fal estuary system differed by orders
of magnitude (Bryan and Gibbs, 1983) and sediment Cu concentrations in Restronguet
creek are the highest in the UK, (Bryan and Langston, 1992). The persistence of this
contamination gradient has been confirmed by recent studies (e.g. Williams et al 1998).
Therefore, Restronguet creek presents an ideal site for a natural experiment on the effects

of heavy metal contamination on benthic communities (Somerfield et al 1994).
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2.3.2. Sampling sites

2.3.2.1. Yealm sites

Five sites covering the full salinity gradient from freshwater through estuarine to marine
conditions were located in the Yealm system. These sites are referred to as freshwater
(FW) (NGR: SX 570 510), upper estuary (UE) (NGR: SX 562 508), middle estuary (ME)
(NGR: SX 549 503), lower estuary (LE) (NGR: SX 539 474), and marine (MA) (NGR: SX

515 472) (Figure 2.1a).

2.3.2.2, Fal sites

Four sites in the most contaminated Creek (Restronguet) of the Fal estuary were used to
investigate biomass size spectra across a similar salinity gradient in a metal polluted
system (Figure 2.1b). The four chosen sites are referred to as freshwater (FW) (Camnon
River) (NGR: SW 783 408), upper estuary (UE) (NGR: SW 796 389), middle estuary

(ME) (NGR: SW 814 381), and lower estuary (LE) (NGR: SW 818 378) (Figure 2.1b).

2.4. Materials and methods
2.4.1. Biotic sampling

2.4.1.1. Standard core samples

Five replicate cylindrical core samples (diameter 5.3 cm, depth 10.0 ¢m) were collected
seasonally in 1996 from soft sediment at each site in Yealm system (Table 2.1) and in the
summer and autumn of 1996 in the Fal system. Samples from Freshwater (n'verr channel),
upper and middle estuarine sites (extreme low water mark) in both systems, and the lower
estuary (subtidal) in the Fal system were taken from land, whereas, in the lower estuarine
and marine sites (subtidal) in the Yealm system, core samples were collected by divers;

sediment samples were placed in polythene bags underwater. All samples (whether
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collected by standard corer, box corer or artificial substrata) were fixed with 10% buffered

formalin.

2.4.1.2.Box corer (30 x 30 x 10 cm)

This sampler was used in one season (autumn) in both systems (Yealm and Fal) (Table 2.1)
to examine whether any size bias occurred when using the cylindrical corer (i.e. the under-
sampling of large macrofauna). In freshwater, upper estuary, middle estuary in both
systems and the lower estuary in the Fal system, the corer was pressed into the sediment to
10 cm depth, The sediment was collected from inside the corer and washed in the field
through a 500 pm mesh sieve. In the lower estuary and marine sites in the Yealm system,

sieving was performed on the boat.

2.4.1.3. Artificial substrata (Pan scourers)

Five replicate nylon pan scourers were fixed to bricks (see Gee and Warwick, 1996) and
placed, during spring 1997, on the river/sea bed at all sites (Fal and Yealm, Table 2.1) to be
collected after a three month colonization period. These replicates were placed and
collected by SCUBA divers in the lower estuary and marine sites. For the other sites in the
Yealm and Fal they were placed and collected by accessing the sites as for corer sampling.
Pan scourers were collected by detaching them from the brick, placing them in plastic pots
and fixing with 10% formalin. These artificial substrata were used in attempt to eliminate
any effect of sediment grain size on the shape of benthic biomass size spectra (see chapter

6).

- 2.4.1.4. Faunal processing

Macrofauna were initially separated from meiofauna by passing the sample through 500
pum and 45 pm sieves, organisms trapped by 45 pm sieve size were kept for further

processing. Macrofauna were further separated into different size classes using 5 sieves
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(2000, 1400, 1000, 710 and 500 pm) then each size category was preserved in 70% alcohol
(IMS). Macrofauna were enumerated and identified to the major groups.

Meiofauna were separated from sediment particles using Ludox-TM with a specific gravity
of 1.15 (Gee and Warwick, 1996). Any residuals of formalin were firstly removed by
washing organisms, then rinsing them into a tall 125 ml beaker where Ludox-TM was
added. The sample was stirred and left to settle for 1 hour. The supernatant comprising the
floating meiofauna was poured over a 45 pm sieve size and preserved in 70% alcohol
(IMS). Extraction was repeated three times to ensure complete separation of organisms.

For artificial substrata samples, the fauna was extracted by unravelling the pan scourers
and then processed as the other samplers (see above).

Details of macrofaunal and meiofaunal measurements are given in chapter 3.
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Table 2.1 Sampling dates for the Yealm and Fal systems, using different samplers. *- sample unavailable due to detachment
of pan scourers.

Season Site Yealm System Fal system
Cylindrical corer| Box corer Artificial substrata | Cylindrical corer| Box corer Artificial substrata
Freshwater 19-01-1996
Upper estu 19-01-1996
Winter |Middle estuary 19-01-1996
Lower estuary 25-01-1996
Marine site 25-01-1996
Freshwater 18-04-1996 (Placing) 23-04-1997 (Placing) 24-04-1997
Upper estuary 18-04-1996 (Placing) 23-04-1997 (Placing) 24-04-1997
Spring [Middle estuary 18-04-1996 (Placing) 23-04-1997 (Placing) 24-04-1997
Lower estuary 19-04-1996 (Placing) 22-04-1997 (Placing) 24-04-1997
Marine site 19-04-1996 (Placing) 22-04-1997
Freshwater 29-07-1996 (Collecting) 25-07-1997 29-08-1996 *
Upper estuary 29-07-1996 (Collecting) 25-07-1997 29-08-1996 (Collecting) 22-07-1997
Summer(Middle estuary 29-07-1996 (Collecting) 25-07-1997 29-08-1996 Collecting) 22-07-1997
Lower estuary 28-08-1996 (Collecting) 23-08-1997 29-08-1996 (Collecting) 22-07-1997
Marine site 28-08-1996 *
Freshwater 25-10-1996] 25-10-1996 12-11-1996] 12-11-1996
Upper estuary 25-10-1996| 25-10-1996 12-11-1996] 12-11-1996
Autumn|Middle estuary 25-10-1996] 25-10-1996 12-11-1996{ 12-11-1996
Lower estuary 11-11-1996] 11-11-1996 12-11-1996( 12-11-1996
Marine site 11-11-1996] 11-11-1996
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2.4.2. Measurement of physico~chemical variables

Sediment samples were taken using a 2.2 cm in diameter corer from each site in both
systems at the time of sampling for measuring organic carbon content, sediment grain size
and heavy metal concentrations. Samples were collected in acid washed bottles and

immediately frozen on return to the laboratory (below —20 °C).

2.4.2.1. Salinity, temperature, conductivity and pH

Field measurements of sediment salinity, temperature, conductivity and pH were made at
the same time as biotic sampling. A Phox 2E meter was used to measure pH, and a YSI
Model 30 meter for measuring salinity, temperature and conductivity. The probes were
inserteci in situ into the sediments at freshwater, upper and middle estuary sites. In case of
lower estuary and marine sites, sediment samples were brought from the seabed and

analysed at the surface.

2.4.2.2. Total organic carbon analysis

Sediment samples were first acidified with 10% hydrochloric acid to remove inorganic
carbon, then washed thoroughly by distilled water to remove any traces of hydrochtoric
acid. The washed samples were dried and analyzed using a SHIMADZU Total Organic

Carbon Analyzer 5000.

2.4.2.3. Heavy metal analysis

The sediment samples were freeze dried after being wet sieved through 63 um sieve size
for collecting the fine fraction. One gram of the dried sediments (or 0.5 g if the organic
levels were high) was transferred into a 120 ml Teflon tube to be digested in 10 ml aqua
regia (concentrated Nitric acid HNO; (18%), and Hydrochloric acid HCl (82%)). A
microwave oven was used for heating the tubes at 100% power (80 psi) for 5 minutes and
then at 100% power (160 psi) for 20 minutes. After this, samples were centrifuged and the

extracts were decanted and made up to 25 ml using concentrated HNO; and kept at 4 °C
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throughout the analysis. Concentrations of eleven trace elements were measured, namely
(Cu, Pb, Cd, Zn, Cr, Mn, Fe, Ni, Mg, Co and Al) (Appendix (2.1)) in the two systems,

using the Spectr AA600 Series Varian Atomic Absorption Spectrophotometer.

2.4.2.4. Sediment granulometry

Sediment granulometry was investigated by washing sediment samples through a series of
stacked sieves (500, 250, 125 and 63 um being in the bottom) on top of a bucket for
collecting the smaller median grain sizes. The percentage weight contribution of each
sediment portion was then calculated. For the smaller size fractions (16 & 31 pm) a known
portion of the suspension was collected in the bucket (using a method based on
sedimentz.ition rates in graduated cylinders), dried, then weighed. Its percentage relative to
the original sediment sample was calculated. This method is modified from Buchanan

(1984), as suggested by Palmer and Strayer (1996).

2.5. Results

251 Environmental variables

In summer, temperatures in the Fal were slightly higher than in the Yealm, whilst in
autumn, they were higher in the Yealm (Table 2.2). Temperature showed the expected
seasonal pattern decreasing from summer to winter in both systems (Figure 2.2} The other
environmental variables showed no clear seasonal variation. pH ranged from 6.7 to 8.0 in
the Yealm system, whilst in Fal system it was less variable, ranging from 7.1 to 7.4 (Table
2.3). Conductivity showed the expected increase from freshwater to marine sites in both
systems (Table 2.4) (Figures 2.3), although no consistent seasonal pattern was evident for

this variable.
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Table 2.2. Annual values of temperature (°C) in Yealm and Fal systems.

System Yealm system Fal. System
Sute| Freshwater | Upper cstuary  Middle estunry  Lower estuary | Marine site | Freshwater Estuary
Season Freshwater Upper Middle Lower Marine site | Freshwater Upper Middle Lower
Winter 9.1 8.7 9.9 5.3 9.4 o
Spring 11.6 11.7 12.7 10.7 11.0 = 1
Summer 14.4 15.8 17.7 14.5 15.7 14.8 18.1 17.8
Autumn 9.5 2.1 10.7 11.2 11.0 8 R 8.9 8.9
Mean 11.2 11.3 12.8 11.4 11.8 11.4 13.3 13.5 13.4
SD 2.4 3.3 3.5 2.2 2.7 48 6.5 6.5 6.3
Table 2.3. Annual values of pH values in Yealm and Fal systems.
System Yealm system Ful. System
Site| Freshwater | Upper estuary Middle estuary Lower estuary | Marine site | Freshwater | Upper estuary  Middle estuary  Lower estuary
Seaso Freshwater Upper Middle Lower Marine site | Freshwater Upper Middle Lower
Winter 7.8 7.8 7.6 7.3 7.7} S IR s BB o s
Spring 7.1 7.3 1.5 8.0 8.0} R
Summer 6.7 7.1 7.1 7.2 7.2 7.1 . . .
Autumn 7.3 7.3 7.4 7.5 7.5 7.2 7.21 7.3 73
Mean 7.2 7.4 7.4 7.6 7.6 7.2 7.2 7.2 7.4
SD 0.5 0.3 0.2 03 0.3 0.1 0.0 c.1 0.1
Table 2.4. Annual values of Conductivity values (ms) and salinity (,2) in A) Yealm and B) Fal systems.
A
System Yealm system
Site Freshwater Upper estuary Middle estuary Lower estuary Marine site
Seaso Conductivity Salinity Conductivity Salinity Conductivity | Salinity | Conductivity Salinity Conductivity | Salinity
Winter 0.18 0 1.05 0.6 20 2.5 38.2 14.6 46.4 31
Spring 0.14 0 5.0 1.2 20.1 15 47 31 53 4.2
Summer 0.1 0 5.7 3.45 29.8 17.3 50.1 38 52 39
Autumn 0.12 0 3.1 0.2 19.3 8.7 40.3 32.3 47.2 34.2
Mean 0.1 0.0 3.7 1.4 223 10.9 43.9 29.0 49.7 35.4
sD 0.03 0.00 2.09 1.45 5.01 6.66 5.58 10.05 3.33 2.42
B)
_System Fal system
Site Freshwater Upper estuary Middle estuary Lower estuary
Seaso Conductivity | Salinity Conductivity |  Salinity Conductivity | Salinity | Conductivity | — Salinity
Winter
Spring 5 :
Summer 0.23 0 25.3 16.5 30 20 323 29
Autumn 0.18 0 208 3 276 6 28 15.7
Mean 0.2 0.0 23.1 9.8 28.8 13.0 30.2 224
SD 0.04 0.00 3.18 9.55 1.70 9.90 3.04 9.40
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Salinity showed a gradual increase from freshwater (0.0 %o) to marine (39 %o) sites (Table
2.4) (Figure 2.4).

Mean seasonal organic carbon values in both systems showed an increase from freshwater
to the middle estuary and then decreased towards the marine site (Table 2.5) (Figures 2.5).
Sediments from freshwater and upper estuary sites were coarser than any other site in
Yealm, followed by marine, lower estuary and the middle estuary, where median grain size
(P) was the finest. Sediment grain size in the Fal system was generally finer than that of
the Yealm especially at freshwater and upper estuary sites. Whereas, the median grain size
of the lower estuary site in the Fal was coarser than that of the lower estuary site in the

Yealm. Middle estuary sites in the two systems had similar median grain sizes (Table 2.6)

(Figures 2.6)

2.5.2. Heavy metals

Concentrations of Cu, Zn and Pb showed the most obvious differences in their
concentration between systems. These metals are known to have important influences on
benthic communities (Bryan and Langston 1992).

Heavy metal concentrations in the Yealm were orders of magnitude lower than that for the
Fal (Table 2.7). the relative proportion of these metals was similar throughout the year in
the Yealm (Zn > Pb > Cu) at all sites (Figures 2.7). In the Fal, metal concentrations peaked
in summer and autumn (relative to the Yealm metal concentrations}) and Cu and Zn
concentrations were higher than Pb. The spatial distribution of these heavy metals in the
Yealm system showed a consistent pattern, freshwater, upper estuary and middle estuary
sites were consistently higher in their metal concentrations compared with the lower
estuary and marine site in all seasons (Figures 2.7). In the Fal, however, the upper estuary

site was the most contaminated, particularly for Cu and Zn.
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Table 2.5 Annual values of % organic carbon in:A) the Yealm and B) the Fal systems.

A) System Yealm system
Site Estuary L
Freshwat
Season reshwater Upper  Middle  Lower Manne site
Winter 0.26 0.57 3.50 1.80 0.68
Spring 0.61 0.55 1.40 0.60 0.43
Summer 0.59 4.60 3.60 0.95 045
Autumn 0.64 0.50 4.50 0.92 1.20
Mean 0.53 1.56 3.25 1.07 0.69
SD 0.18 2.03 1.31 0.51 0.36
B) System Fal. System
Site Estuary
Fresh

Season reshwater Upper  Middle  Lower

Winter B =

Spring . -

Summer 0.39 5.37 4.00 0.61

Autumn 0.10 3.40 2.70 1.28

Mean 0.25 4.39 3.35 0.95

SD 0.21 1.39 0.92 0.47

Table 2.6. Pooled annual values of sediment grain size in the Yealm and Fal systems.
* denotes that the sorting coefficient could not be calculated due to the fact that the
® value of the first and the second Quartiles (Q1 and Q2) in the Yealm (freshwater
and upper estuary sites) and the first Quartile (Q1) in the Fal (lower estuary site)
were smaller than 1. This was due to the usage of 500 pum sieve mesh size as the
biggest mesh size in the grain separation process. The first Quartile (Q1) i.e. the 25%
value in the comulative graph, in the mentioned sites were coarser than 500 pm.

System Site (phi) (50%) { Q1 (25%)} Q3(75%)| classification of sediment (Giere 1993)
Freshwater <1 <] 1.97
Yealm Upper estuary <l <1 2.93
, Middle estuary 4.55 395 5.14 0.60|Moderatly well sorted
SyStem 1 ower estuary 2.76 134|242 I.54}Poorly sorted
Marine site 2.5 204 2.97 0.47}well sorted
Freshwater 1.62 1.099 2.46 0.68|Moderatly well sorted
Fal  |Upper estuary 4.57 4.01 5.20 0.60]Moderatly well sorted
system |[Middle estuary 4.78 4.23 5.36 0.56|Moderatly well sorted
Lower estuary 1.927 <] 4.02 *

25















2.6. Discussion

The results of the current chapter demonstrate three main points. Firstly, a clear salinity
gradient in both systems. Secondly, clear differences in metal concentrations between
systems. Thirdly, differences within and among systems in sediment grain size. These
results reflect the goodness of the chosen sites, which justifies for reasonable comparison

of benthic size spectra.
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CHAPTER 3

Benthic Biomass Size Spectra Construction




3. Benthic Biomass Size Spectra Construction

3.1. Introduction

Despite the recent increased utilisation of benthic size spectra in aquatic ecology, there is
stitl much to learn about these community metrics, including the improvement of the
techniques used in their construction (which currently are logistically demanding) and the
evaluation of spatial and temporal variability in size spectra.

In essence, a size spectrum is a simple two-dimensional representation of a complex
ecological community that is conceptually much simpler and more intuitive than
altemati\;es such as ordination axes. Sheldon er a/ (1972) introduced to ecology a useful
graphical representation of the community size composition since referred to as the
Sheldon spectrum. Originally used to describe Coulter counter particle size distribution,
this spectrum is a plot of particle concentration (by volume) against particle diameter.
Since this pioneering study, there have been many approaches to the construction of size
spectra, each technique relating body size to a different parameter such as abundance
(number of individuals per size class), biomass (dry or wet weight of individuals per size
class: Schwinghamer, 1981; Strayer, 1986; Hanson ef a/ 1989) or species richness (number
of species per size class: Warwick, 1984; Warwick es a/ 1986). The multitude of
approaches used in construction of benthic biomass size spectra (BBSS) in aquatic
environments has led to a lack of conformity in methodologies which in turn, may result in
different shapes (i.e. underestimation or overestimation) of the BBSS within and between
systems. Moreover, the construction of BBSS is a labour—intensive, time-consuming
process. The various methodologies and approaches to BBSS construction are discussed

below,
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3.2. Measuring individual biomass

3.2.1. Direct weighing and volume displacement

Direct weighing can be used as a quick, inexpensive and direct estimation of biomass. The
main disadvantage of this method is that it involves the destruction, through drying, of the
organisms, preventing further studies. It is also not appropriate in the case of very small
organisms, although some workers have attempted to weigh meiofauna. Wieser (1960), for
example, determined the dry weight of nematodes by weighing batches on an analytical
balance (Becker, 0.1 mg) or on a “Misco™ quartz helix with a sensitivity of 1 mm per 10
mg. Dumont et a/ (1975) also reported that dry weight data were rare until the development
of microbalances which made it possible to make routine weighing down to 107 g. Burns
(1969) used a Cahn microbalance for obtaining accurate dry weight values in a number of
Daphnia species, whilst Poff et al. (1993) dried and weighed most macrobenthic fauna to
derive length—dry mass regressions. Similarly, Reise ef al. (1994) dried the organisms to
calculate the ash-free dry weight (AFDW). Direct weighing has also been used by Dugan
et al, (1995) and Edgar (1990a), whilst Steimle (1990) specifically weighed each taxon.

Volume displacement has been used as an alternative approach to direct weighing that
keeps organisms intact for further studies. This approach is straightforward only for
organisms with simple geometry (Dumont ef al 1975). Application of this approa;:h to
irregularly shaped species often involves an accumulation of errors, as the total taxon
volume is assumed to be calculated by summing the volumes of the simple geometric
shapes forming the final taxon shape. Despite this difficulty, Schwinghamer (1981) and

Strayer (1994) used this approach for estimation of organism body volume.

3.2.2. Biomass estimation from body measurements

Another non-destructive technique for estimating the biomass of individual organisms is to
relate an organism’s body length to its weight through a regression equation. The main

advantages of this approach are: 1) it is useful in routine sample analysis when insufficient
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material may be available for weighing; 2) it does not damage the organisms; 3) in
sampling programs at sea, this approach is more reliable that weighing which may be
difficult; and 4) this approach is useful in determinations of biomass of ingested prey from
partially digested remains in gut or faeces. The main disadvantage of this approach is that it
is time consuming,
An example of this technique was that adopted by Burgis (1974) who described the
relationship of formalin-preserved dry weight to total body length in two copepod species
using the following equation:

LogW =2.49Logl - 6.9039
Where (W) is the weight in pg and (L) is the body length in um.
Rogers et al. (1977) concluded that taxon—specific regression equations provide a reliable
method of estimating organism biomass from linear body measurements. Schoener (1980)
also suggests that length-weight regressions help to provide a characterisation of
ecological communities in terms of species—abundance and size distribution.
The availability of length—-mass relationships for some organisms has greatly assisted in the
estimation of organisms' body masses. Unfortunately, the main disadvantage of this
approach is that not all organisms have Ipublished length—-mass relationships. For these
organisms, approximate simple geometric shapes close to the body shape (e.g. cylinders for
vermiform organisms) have been used to obtain weights, using standard values of speciﬁé
gravity and dry/wet weight ratios as conversion factors for dry weight estimation. This

approach was adopted by Poff et al (1993).

3.2.3. Image analysis

The measurement of organism body dimensions using microscopy is a very time
consuming process. Utilisation of image analysis enables more rapid and, often, more
accurate estimations of organism body dimensions. Morin and Nadon (1991) and Morin e/
al (1995) measured body lengths of sorted organisms to the nearest 0.01 mm with an image

analysis system connected to a dissecting microscope. Similarly, Rasmussen (1993)
34




measured organism lengths with an image analysis system, with fresh weights estimated
from total body lengths using a series of length-weight regressions constructed from the
organisms collected during the study. Garcia ef al. (1995) used this approach differentially
by tracing the contours of the organisms using a drawing tube which were then processed
by an image — analysis program. The volume was estimated for each individual organism
counted as the revolution volume of the organism according to its shape, either ellipsoidal
or cylindrical, based on semi-automatic short and long axis measurements (Rodriguez ef
al, 1987, Echevarria et al., 1990, Garcia, 1991, Echevarria and Rodriguez, 1994).
Soltwedel ef al (1996) measured nematode lengths and widths by a semi-automated image
analysis for size class discrimination. Likewise, Ramsay er a/ (1997) used an image

analysis technique for estimating organism biomass.

3.3. Presentation of size spectra

Several different approaches have been used in the choice of the axes used to represent size
spectra. The units used can markedly influence the shape of the biomass plot obtained. One
of the most important considerations when constructing size spectra is that the scale along
the body-size axis is ecologically meaningful with a resolution of data points fine enough

to distinguish peaks and troughs in the data (Ramsay ef al. 1997).

3.3.1. Scaling the X-axis

Hutchinson (1959) suggested that ecologically non-competing species tend to exhibit
regular differences in body volume of approximately 2.0 or length rattos of approximately
1.3. Schwinghamer (1981) therefore used Log, size intervals (=1.3 ratio) suggesting that
they provide a much better resolution of the size spectrum than log,o intervals. Warwick
(1984) also assigned species from a marine benthic community to body size classes on a x2
geometric scale. This scale gave a manageable number of classes, ranging from the largest
organisms in class 30 (5-10 g) to the smallest in class 1 (0.0093-0.0186 pg), spanning nine

orders of magnitude in body size. The choice of a logarithmic scale is useful in visualising
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anticipated lognormal distributions, and a x2 geometric scale has been used extensively by
those concerned with distributions of numbers of individuals among species, as advocated
by Preston (1948). Although the weight of each species is usually determined as accurately
as possible, precision is not of paramount importance when assigning species to a
geometric class when those in the class above and below are either twice or half the size (in
terms of volume). Misplacement of borderline species by one class would not alter the
overall picture, so that the use of conversion factors from volume or wet weight to dry
weight is not considered inappropriate.

To standardise for the variety of body shapes, size (in terms of volume) is often expressed
as an equivalent spherical diameter (ESD), using the following equation (Schwinghamer

1981):

ESD = 2(3"/ 4md)”?

Where m is the wet mass of the organism and 4 is its density (1.05 for freshwater
organisms (Strayer 1986), 1.13 for marine organisms (Warwick 1984, Wieser 1960). For
estuarine organisms densities were derived in the current study from those of the
freshwater and marine organisms according to the mean annual values of salinity in the

three estuarine sites.

3.3.2. Scaling the Y-axis

The Y-axis of size spectra can take several forms, depending on the goal of study. It may
represent the abundance of organisms in each size category, (Strayer 1986,1994; Ramsay e/
al 1997, Warwick and Clarke 1996, Poff er a/ 1993, Dugan et a/ 1995, Morin et al 1995,
Garcia et al. 1995 and Bourassa and Morin 1995), the biomass of different sized
organisms, (Strayer, 1986; Ramsay ef a/ 1997, Schwinghamer 1981; Hanson er al 1989,
Cattaneo 1993; Duplisea and Hargrave 1996, Duplisea 1998, Hanson ef a/ 1989, Rodriguez
and Magnan 1993, Edgar 1990, Strayer 1991, Poff ef a/ 1993, Rasmussen 1993, Morin e/

al 1995, Garcia ef al 1995, and Cyr and Peters 1996), or the number of species in each size
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category (Warwick, 1984 and Warwick et a/ 1986). The latter, species richness size spectra
reflect how the species are distributed in terms of their body size (Strayer 1986, Warwick
et al 1986, Warwick 1984, and Warwick and Clarke 1996). Assimilation size spectra have
also been used to show how metabolic activity is spread through the size classes of the
benthos, (Strayer 1986). Whilst respiration size spectra can indicate the amount of time
needed for a community to consume available organic matter (Duplisea and Hargrave
1996, Poff ef al 1993 and Bourassa and Morin 1995). Production size spectra reflect the
interaction of the metabolic rate-body size relationship of individuals and the distribution
of body sizes within the population (Edgar 1990 and Dickie ef al 1987).

Normalised biomass size spectra have also been used to facilitate quantification of
variation in shape and configuration of the biomass size spectra (Sprules and Munawar,
1986,Wen, 1995 and Titte! er al. 1998). Sprules and Munawar (1986) constructed
normalised biomass size spectra by grouping organisms into adjacent categories of volume
double the previous volume with size expressed as fresh weight on logarithmic scale. The
vertical axis (Y-axis) is the total fresh biomass (per litre) of organisms in a particular
weight category divided by the change in weight across the category, all on a logarithmic
scale. Wen (1995) constructed normalised spectra by plotting on the ordinate the base 10
logarithm of the standardised biomass per interval (calculated as the dry mass (pg) in the
size category divided by the change in model biomass between intervals) versus the base
10 logarithm of individual body weight on the abscissa. The intercept of the regression line
provides an estimate of relative abundance at one mass unit along the size gradient. The
slope reflects the overall trends in mass change from interval to interval. A slope of -1.0
indicates that biomass is approximately evenly distributed across size classes; steeper
slopes (<-1.0) show that biomass declines with increasing size, and shallower slopes (>-

1.0) the reverse.

37



3.3.3. The use of sieves in size spectra construction

Sieving has been used by several authors as a method for separating organisms into size
categories. For example, Widbom (1984) used a series of sieves with different mesh sizes
to divide meiofaunal taxa into different size fractions and to determine the average
individual weight in each of these fractions. Edgar (1990a) also pointed out that the
distribution of body sizes within benthic communities can be rapidly and eastly determined
by passing faunal samples through a series of nested sieves stacked in descending order of

size. Ramsay et al (1997) sorted benthic samples by washing organisms through a series of
10 brass-frame laboratory test sieves with steel meshes graded on the V2 Wentworth scale
(Buchanan 1984): 2000, 1500, 1000, 710, 500, 355, 250, 180, 90 and 63 pm. In this series,

each step represents a halving in the area of the mesh aperture.

3.4. Aims

This chapter aims to introduce the approach used for the construction of BBSS in this
thesis. The methods represent a refined version of those developed by Ramsay er a/ (1997).
The main objectives were firstly for a range of aquatic systems, to obtain measures of: 1)
mean total sieve biomass; 2) mean biomass of different organism shapes, and 3) mean
major taxon biomass for 12 sieve sizes differing on a logarithmic scale. Biomass size
spectra were then calculated using each of these measures as a conversion factor in order to
establish which measure was to be used in biomass calculations. These exploratory
analyses involved a comparison among sites within one season (summer) and among

seasons for one site (marine).

3.5. Methods

3.5.1. Sample processing
Samples were collected as detailed in chapter 2 and were separated into macrofauna and

meiofauna by washing them through 500 and 45um sieves respectively. Macrofauna were
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then separated from mineral particles by elutriation, prior to washing through 2000, 1400,
1000, 710 and 500um sieves. Meiofauna were separated from fine sediments using the
Ludox flotation method (MclIntyre and Warwick 1984) and then washed through 355, 250,
180, 125, 90, 63 and 45 pm sieves.

Direct counts of all major groups (see below) of macrofauna and large meiofauna (355 and
250 pm sieve sizes) were made for each replicate sieve size in each sample. For smaller
meiofauna, subsamples were taken by dividing the area of a petri dish into four sections,
homogeneously distributing the sample across the dish and then extracting organisms from

one quarter of the dish.

3.5.2. Measurement of organisms

Measurements were made on organisms from summer samples assuming that abundance
and diversity were the highest.

Subsamples of organisms were chosen as in 3.5.1. from each replicate sieve sample from
the freshwater, middle estuary and the marine sites in the Yealm. The acceptable minimum
number of organisms in a subsample to be measured was determined by taking the first 150
organisms encountered from one sieve (the 125-um sieve from a replicate sample of the
middle estuary site). Biomass values were estimated for these organisms as described
below. Simulated random subsampling of these data provided 150 estimations of mean
individual biomass for a series of subsample sizes. In each case, an index of precision was
calculated as the ratio of the standard error to the mean expressed as percentage (Ramsay ef
al, 1997; Elliott, 1977). The results of this analysis are summarized in Figure G.1).
Accepting a standard error at or below 20% of the mean (“a reasonable error in most
bottom samples;” Elliott 1977), a minimum of ten organisms per sieve were measured
giving a precision of about 12%, a higher precision than Ramsay et al (1997, 20%).
Organism body dimensions (length and width) were measured using a binocular

microscope with a camera lucida attachment. Organism images (including body curvature
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or the body waves) were projected onto a digitising tablet configured to act as a mouse
under Microsoft Windows. Use of the digitising pad (Figure 3.2) allowed an absolute and
repeatable co-ordinate system to be used, unlike the normal relative and unrepeatable co-
ordinate system of a ball mouse. This allowed the operator to mark the required points to
measure the body dimensions directly whilst looking at the organism. The computer then
calculated the distance between the points automatically and subsequently allowed the
operator to enter supporting sample identification details. The final file was saveable as an
ASCII delimited file that could be read into MS Excel for analysis.
Methods differed for the calculation of individual biomass values. For those taxa with
publisheq length-mass relationships (Pearre (1980) for Copepoda; Smock (1980) for adult
Coleoptera and Hemiptera, Meyer (1989) for Amphipoda, Coleoptera larvae,
Chironomidae, Non-chironomid diptera, Ephemeroptera, Plecoptera, Trichoptera and
Tricladida) biomass was calculated from the power equation:

m=al®
Where (m) is the dry mass of the organism, (/)is the length and (a) and (b) are constants
for each taxon. Other taxa were approximated to simple geometric shapes (Winberg and
Duncan 1971): Collembola, Decapoda, dipteran pupae, Nematoda, Oligochaeta, Ostracoda,
Rotifera and Tardigrada were approximated to cylinders, Cladocera, Hirudinea and
Isopoda to half cylinders; and Hydracarina to spheres. Organism volumes were converted
to dry weights using the appropriate conversion factors.
For the freshwater site a specific gravity of 1.05 and a dry- to wet-weight ratio of 0.15 were
used (Strayer 1986, Kajak ef al 1980). For marine site, a specific gravity of 1.13 and a dry-
to wet-weight ratio of 0.25 were employed (Wieser, 1960; Warwick, 1984). Conversion
factors for estuarine sites (Table 3.1) (upper, middle & lower estuary), were obtained from
a simple regression analysis of the overall year salinity readings versus the published

densities and dry- to wet-weight ratios of freshwater and marine sites.
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Size was expressed as an equivalent spherical diameter (ESD), to standardise for the
variety of body shapes, calculated using the following equation (Schwinghamer 1981):
ESD =2(3m/ 4md)""*

Table 3.1: Published and derived* values of density and dry/wt weight ratios for the
different aquatic habitats.

Site Mean salinity Density Dry/wet weight mtio
Freshwater 0 1.05 0.15
Upper estuary 0.9 1.052* 0.153*
Middle estuary 9.8 1.073% 0.179*
Lower estuary 338 1.129* 0.249*
Marine site 343 1.13 0.25

Where (m) is the wet mass of the organism and (d) is its density (from Table 3.1).

3.5.3. Statistical analysis

A multifactor analysis of Variance was used to compare log transformed values of ESD
and biomass for: 1) all organisms (total sieve), 2) shape categories; 3) major taxa and 4)
organisms' body lengths and widths, among sieves and sites to test for differences in these
measures among sites and sieves, in order to assess which measure was suitable as a
conversion factor and whether separate values were required for each site. Tests for
normality were conducted visually using residuals plots to confirm homogeneity of
variance. To achieve this goal a comparison between the total biomass size spectra
resulting from each conversion factor was made firstly, in one season (e.g. summer) for all
sites (freshwater, middle estuary and marine) and in all seasons for one site (e.g. marine).
For the mean major taxon biomass, there was considerable variation among sieves that
masked the expected pattern; hence a multiple regression analysis was used to determine
the best-fit line for these biomasses. Values for mean major taxon biomass for each site and
each sieve were then derived from regression equations. The overall biomass value for

each sieve in each study site was calculated using Edgar’s formula (Edgar 1990).
B= Zn,. *b,
Where (B) is the overall biomass value for each sieve in each study site, (#,)is the

abundance of the major taxa (,) retained by that sieve size and (b,) is the mean biomass of
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the major taxon (,) retained by that sieve size. This was to construct the total benthic
biomass size spectra for the different sites separately in one season (summer) and for one
site (marine) for all seasons as a test, which allowed a comparison of BBSS constructed

using mean sieve, mean shape and mean major taxon biomasses.

3.5.3.1. Multiple regression analysis

Three models were possible in terms of regression line comparisons among sites. The first
is that there is one model (one line) applicable for a major taxon in all sites. The second is
that there are more than one model (i.e. a different line for each site), for each major taxon,
but that these lines have the same slope (parallel lines). In the third model, each site again
is repreSénted by a different line, but in this case with different slopes. Figure (3.3) shows '
these different models. An example is given below for a hypothetical major taxon
(nematodes) (Freshwater, middle estuary and marine sites will be referred as (FW), (ME)

and (MA) respectively).

Dependent variable (¥'): log, nematode biomass in freshwater, middle estuary and marine

sites. Independent variable (X): log, sieve size.

From this point three subsequent models were calculated dependant on different
assumptions, three important diagnostic parameters will be derived from each model,
namely sum of squares (S5), degree of freedom (dFF) and the mean square of the residuals
MS).

Assumption 1- the three sites are not significantly different in terms of nematode
biomasses, (one line will represent all three sites, Figure 3.3 a) using the following model:

Y=a+bx {model 1}

Where (Y)is log, nematode biomass, (a)is the intercept, (b)is the slope and (x) is log,

sieve size.
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Assumption 2- the three sites are not equal in their nematode biomasses, three lines with
three different intercepts and the same slope will represent the three sites, (three parallel
lines Figure 3.3 b) using the following model:

Y=a, +bx+a,(FW)+a,(ME) {model 2}

Where (Y) is log, nematode biomass, (q,)is the intercept, (b}is the slope, (x) is log,
sieve size, (a,(FWY)) is the contribution of freshwater biomass in the intercept and
(a,(ME)) is the contribution of middle estuary biomass in the intercept. Neglecting
(a,(FW)+a,(ME)) will enable the calculation of log, nematode biomass in the marine
site.

Assumpt-ion 3- the three sites are not equal in their nematode biomasses (three lines with
three different intercepts and three different slopes will represent the three sites in terms of
biomass, (three non-parallel lines Figure 3.3 c) using the following model:

Y =a, +bx(FW)+ b,x(ME) + b,x(MA4) + a,(FW)+a,(ME) {model 3}
Where (Y) is log, nematode biomass, (a,)is the intercept, (3,)is the slope for freshwater
site, (x(FW)) is log,sieve size in case of freshwater site, (b,)is the slope for middle
estuary site, (x(ME) ) is the log, sieve size in case of middle estuary site. (b,)is the slope
for the marine site, (x(MA)) is the log, sieve size of the marine site, (a,(FW)) is the
contribution of freshwater biomass in the intercept with (q,) and (a,(ME)) is the
contribution of middle estuary biomass in the intercept with (a,). If (W) and (ME) are
considered zeros this will result in calculating log, nematode biomass for the marine site,
(FW) and (MA) as zero will remove them from the model giving the value of
log, nematode biomass for the middle estuary site and finally, (ME) and (MA) as zero

will result in calculating log, nematode biomass for the freshwater site.
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Figure 3.3. The three models of multiple regression analysis A) model 1,
B) model 2 and C) model 3 (see text).
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At this stage, the three previously mentioned parameters (sum of squares, degree of
freedom and the mean square of the residuals) from each model will be used for calculating

the F value, (see below):

1) To test if slopes are the same (model 2 is as good as model 3 so could replace model 3
for simplicity):
F =((SS, - 83,)/(df, —df,))/ MS,
Where (SS,) is the sum of squares of the residuals for model (2), (SS,) is the sum of

squares of the residuals for model (3), (df,) is the degree of freedom of model (2), (df,) is

the degree of freedom of model (3) and (MS, ) is the mean square of model (3).

Here the decision should be taken, if the F —calculated value is greater than the
F —tabulated value (column (df, —df.), row (df;)), then there is a significant difference

between the slopes (i.e. model 2 is not as good as model 3). If the F — calculated value is
smaller than the F —tabulated value, then there is no significant difference between the

slopes (i.e. model 2 is as good as model 3).

2) To test for a common line (same intercept) (model 1 is as good as model 2 so could

replace model 2 for simplicity:
F = ((SS, - SS,)df; - df, ))/ S,

Where (S5)) is the sum of squares of the residuals for model (1), (SS,) is sum of squares
of the residuals for model (2), (df,) is the degree of freedom of model (1), (df,) is the

degree of freedom of model (2) and (MS, ) is the mean square of model (2). At this stage
the F —rabulated value is determined. Here the decision should be taken, if the

F ~calculated value is greater than the F — tabulated value, then there is a significant
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difference between the slopes (i.e. Model 1 is not as good as Model 2). If the
F - calculated value is smaller than the F —tabulated value, then there is no significant
difference between the slopes (i.e. Model 1 is as good as model 2).By these means, it could

be possible to simplify from model 3 to model 1.

As an example of the detailed approach (see above) it was applied for different major taxa
(Nematode, Copepoda and Oligochaeta) in three different sites namely (freshwater, middle

estuary and marine) (Figure 3.4).

3.6. Results

Regression equations for the biomass of major taxa for each sieve derived using multiple
regression analysis revealed that, in some cases, (e.g. nematodes) one regression equation
could represent one major taxon in all sites, while in other cases (e.g. Copepoda and
Oligochaeta) more than one regression equation was required to represent a single taxon
(Table 3.2 and Figure 3.4). For taxa which were represented in only one or two sieve sizes,
measured values were used. The most abundant organisms in samples from the Yealm
system were those assumed to be cylinders (76.7%) followed by those for which power
equations were available (20.8%). Only (2.5%) were classified as half cylinders and
spheres (Table 3.3). Cylindrically shaped organisms were, on average, seven times longer
~..than the mesh size they were retained by and organisms measured by power equation,
about three times the length of the mesh.

Overall, mean individual ESD values (for the pooled average values in the three sites)
increased with increasing mesh size and this pattern in the distribution of ESD values also
existed among different shapes (Figure 3.5, Table 3.3). However, ESD values for the
cylindrically shaped organisms were small relative to those for other shapes. Moreover,
this difference in ESD between cylindrically-shaped and organisms of other shapes was
greatest for macrofauna due to the dominance of long and thin macrofauna such as
oligochaetes and polychaetes (Table 3.4 and Figure 3.6).
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Although the shape of the plot of the log transformed mean sieve (total ESD) values of the
study sites appeared consistent among sites (Figure 3.7), analysis of variance of log
transformed mean sieve (total ESD, or total biomass) values revealed that there were
significant differences (p<0.0001) among sites (freshwater, middle estuary and marine) and
sieve sizes (p<0.0001). There was also a significant interaction between sites and sieve
sizes resulting from between-site differences in the separation of data points along the body
size axis (Table 3.5). Furthermore, these were also significant differences among sites,
sieves and their interaction for the following levels: shape, taxonomy (major taxa) in terms
of ESD and biomass and the biological level in terms of body dimensions (body lengths
and widths) (Table 3.5), with the exception of mean ESD and mean biomass values of the
nematode and polychaeta.

The influence of different levels of biomass (i.e. mean sieve, mean shape or mean major
taxon biomass as conversion factors from total abundance to total biomass) on the final
biomass size spectra among sites in one season (summer) is shown in Figure (3.8).
Analysis of variance of log transformed total biomass size spectra values revealed that,
within each site in summer there was no statistical difference among the BBSS constructed
using different conversion factors (Figure 3.8). However, there was statistical difference
between BBSS constructed from the same conversion factor among sites (Figure 3.9)
(Table 3.6). For the analysis of one site (marine) in all seasons, there was a statistical
difference between BBSS constructed from each of the biomass conversion factors within
each season and among all seasons for BBSS constructed from the same conversion factor
except in summer. Where there was no difference between BBSS constructed using any
biomass conversion factor (Figure 3.10) (Table 3.7). These results highlight the influential
role of abundance on BBSS (Figure 3.11).

Figures (3.9 to 3.12) illustrate two important points. Firstly, there was a significant
difference in abundance size spectra between freshwater, middle estuarine and marine sites

in one season (summer) (P<0.0001) and the shape of BBSS did not differ substantially
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depending on the conversion factors used (mean sieve, mean shape or mean major taxon
biomasses) among and within sites (Figures 3.8, 3.9). Secondly, that there was a significant
difference among seasons within the marine site (one site in four seasons) in terms of
abundance and biomass size spectra separately (P<0.0001) for each conversion factor
(Figure 3.10 - 3.12). This may be due to the taxonomic variation among seasons (i.e. the
absence or reduced abundance of some taxa in a particular season) which were abundant in
the season (summer) where organisms were measured). For example, the presence of low
abundance of polychaetes (high mean biomass) and high abundance of nematodes (low
mean biomass) in the 355 pm sieve in autumn and spring relative to those in summer may
explain the different pattern in the taxon curve in these seasons compared with the "sieve”
and “"shape" curves (Figure 3.10 B&D). However, in winter season, the presence of
amphipods and ostracods (37.5% and 12.5%) respectively in addition to nematodes (50%)
decreased the gap between the taxon curve and the "sieve" and "shape" curves (Figure 3.10
C).

BBSS in general (sieve, shape or taxon) were significantly different among seasons, this

relates to the observed low abundance in winter (Figures 3.11).
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Table 3.2. Regression equations for the major taxa in the Yealm in freshwater (FW), middle estuafy

(ME) and marine site (MA) in relation to the sieve size. R square is the regression coefficient
which explains how much is the varation in the dependant variable, log. (biomass).

Taxon Site R square Regression equation Appendix No.

Nematoda All sites 98%l|log, (biomass)= -18.6393+2.07674%log.(sieve size) 3.1
FW 97%{log, (biomass)= -18.99675+2.3778*log (sieve size)

Copepoda ME 97%|log, (biomass)= -18.2441+2 37779*log (sieve size) 32
MA 97%l|log, (biomass)= -18.7963+2.37779*log (sieve size)
FwW 97%l|log, (biomass)= -15.4245+1.70691*log,(sieve size)

Oligochaeta ME 97%|log, (biomass)= -14.4073+1.70691 *log.(sieve size) 33
MA 97%|log, (biomass)= -14.6687+1.70691*log (sieve size)

Hydracarina FW&MA 96%log, (biomass)= -20.5904+2.62575*log (sieve size) 34
Ostracoda All sites 97%|log, (biomass)= -23.7819+3.40813*log (sieve size) 35
Polychaeta ME&MA 90%]log, (biomass)=-18.0585+2.31616*log (sieve size) 3.6
Amphipoda ME 96%llog, (b?omass)= -l9.7505+3.02439"‘log°(s?eve s%ze) 37

MA 96%]log, (biomass)= -21.5177+3.02439*log (sieve size)
Tricladida FW 95%|log. (biomass)= -15.1243+2.04161*log,(sieve size) 3.8
Nemertea MA 95%]log, (biomass)= -13.6975+1.55893*log (sieve size) 39
Bivalvae FW&MA 98%|log, (biomass)= -22.7654-+3.22507*log (sieve size) 3.10
Coleoptera larvae |FW 96%log, (biomass)= -16.4393+2.21185*log,(sieve size) 3.11
Coleoptera adult |FW 66%|log, (biomass)= -5.03067+0.85879*log,(sieve size) 3.12
Cladocera FW 96%|log, (biomass)= -19.7017+2.5169*log (sieve size) 3.13

Chironomid FW 98%|log, (biomass)= -18.9652+2.45257*log,(sieve size) 314

Diptera larvae  |FW 85%]|log, (biomass)= -18.1642+2.53619*log,(sieve size) 315
Plecoptera FW 90%|log, (biomass)= -18.7314+2.23902*log (sieve size) 316
Gastropod FW 99%]|log, (biomass)= -19.5023+2.48319*log (sieve size) .17
Tardigrada FW 86%|log, (biomass)=-21.2553+2.84178*log.(sieve size) 3.18
Collembola FW 95%|log, (biomass)=-15.0187+1.77507*log (sieve size) 3.19

Diptera pupae  [FW 82%|log, (biomass)= -6.75745+0.7933 1*log. (sieve size) 3.20
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Table 3.3. The number of individuals for which length-mass relationships were used

(power equation) and for which simple geometric shape categories were applied,

ratio of body length to mesh size for each sieve, ratio of body width to mesh size,

ratio of [body length/mesh size)/[body width/mesh size] and the mean individiual
ESD values (mm) for each shape.

Mesh size (pm)
. SII|S|R|S|ala|3s[s]gle]|els
No. of individuals
Power equa 8| 12 20 26] 16| 42] 201] 301} 402] 184] 46 1258
Cylinder 126] 181] 159{ 253 353| 413] 705| 722] 679] 413] 419] 222{ 4645
Half cylindd 14 7 3 1 6] 26 14 17( 13 101
Sphere 1 3 21 11 19 55
Total 149 200] 182] 280] 375] 484] 906] 1058] 1109] 629] 465| 222]| 6059
Ratio of body length to mesh size
Powerequal 5.1 4.1] 4.1] 44 5] 26 3] 3.1 3 3 3 3.1
Cylinder 69| 66| 74] 771 751 59| 66| 73] 73] 76| 82 92| 73
Halfcylindd 6.1] 26] 23F 58] 38| 2.7 28] 28] 25 3.2
Sphere 2 1.1 02] 16] 19 1.9
Overall | 6.65] 6.29] 6.94] 74| 7.3] 5.39] 5.77] 5.96] 5.61] 594| 7.68] 9.183] 6.3
Ratio of body width to mesh size
Power equal 1.08] 0.44{ 0.51] 0.53] 0.45] 0.71] 0.92] 0.96] 1.06] 0.99] 1.16 1.0
Cylinder 0.24] 0.2] 0.21] 0.27] 0.32} 0.42] 0.4] 0.39] 0.33] 0.33] 0.34] 0.33] 0.3
Half cylindg 2.69| 1.54 2] 1.22{ 0.72} 0.71 1.21] 1.36} 1.16 1.3
Sphere 1.84 1.07 1.28] 1.14] 1.15 1.2
Overall 05| 03] 03] 03] 03] 05! 05] 06] 06] 06] 04 03} 0.5
Ratio of (Body length/mesh size)/(Body width/mesh size)
Powerequal 4.9] 12.8] 11.5| 1081 11.7] 4.1] 44| 5.1] 34| 37| 3.5 4.5
Cylinder 50.3| 42.7| 45.1] 376} 29.8] 24.3| 35.1] 31.9] 33.7] 33.2] 30.7| 35.6] 33.7
Halfcylindd 44| 22| 12| 4.8] 12.1] 8.6 2.5 2.1 23 4.8
Sphere 1.1 1.1 1.6] 15| 17 1.6
Overall | 43.2] 39.5| 40.6] 35.0] 28.8] 21.6] 28.3] 23.3] 22.0} 22.9] 28.0}] 35.6] 26.8
Mean individual ESD values (mm)
Power equal 2.85] 0.92] 0.78] 0.57] 0.39f 0.24| 0.22} 0.16] 0.12] 0.08] 0.07 0.19
Cylinder 0.88] 0.55] 0.42] 0.36] 0.29] 0.22} 0.15} 0.11] 0.07] 0.05] 0.04] 0.03] 0.18
Half cylindd 3.47| 1.23] 1.01] 0.70] 0.29] 0.18 0.14{ 0.10] 0.06 0.71
Sphere 2.32 0.20 0.13] 0.08] 0.06 0.14
Overall | 1.24{ 0.59| 0.47] 0.38] 0.29] 0.22{ 0.16] 0.13] 0.09] 0.06/ 0.04{ 0.03] 0.19

Note: The averall values were calculated by pooling all samples.
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Figure 3.5 The mean sieve (ESD) values of organisms collected in 12 mesh sizes showing

high significant difference among the sieve sizes.
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Table 3.4. Overall percentage of the measured organisms per sieve in (freshwater, middle estuary and marine sites).

Sieve size (um)|taxon overall % of measured organisms|Sieve size (um) {taxon overall % of measured organisms
45|Nematoda 97.7% 250|others 13.8%
45| others 2.3% 250|Polychaeta 20.8%
63 |copepoda 9.2% 355|copepoda 7.4%
63 [Nematoda 86.2% 355{Nematoda 21.9%
63{Oligochaeta 0.4% 355|Oligochaeta 20.7%
63 |others 4.1% 355|others 16.5%
90|copepoda 27.5% 355|Polychaeta 33.5%
90|Nematoda 57.9% 500]|Nematoda 1.1%
90|Oligochaeta 3.7% 500|Oligochaeta 32.8%
90|others 9.7% 500|others 10.1%
S0|Polychaeta 1.3% 500|Polychaeta 56.0%

125|copepoda 34.4% 710|Oligochaeta 46.8%
125|Nematoda 47.6% 710]others 13.9%
125]|0ligochaeta 4.5% 710|Polychaeta 39.3%
125|others 6.5% 1000{Oligochaeta 67.0%
125|Polychaeta 6.9% 1000]others 13.2%
180}copepoda 24.7% 1000|Polychaeta 19.8%
180|Nematoda 37.2% 1400|0ligochaeta 59.8%
180|Oligochaeta 11.8% 1400|others 21.1%
180|others 10.1% 1400|Polychaeta 19.1%
180|Polychaeta 16.2% 2000|Oligochaeta 52.7%
250|copepoda 18.3% 2000|others 18.2%
250|Nematoda 34.8% 2000|Polychaeta 29.1%
250]0ligochaeta 12.4%
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Table 3.5. (F) Values of ANOVA for the log transformed ESD and biomass values in the Yealm (P values) are represented by stars

(*<0.05, **<0.001, ***<0.0001).

Factor Sites Df Sieves Df Interaction|Df Appendix No.
Total ESD 15.94*** 2]1293.09*** 11|13.37*** 22 3.21
Biomass 20.34** 2|1239,10*** 11]13.37*** 22 3.22
CYL ESD 17.61*** 2]1219.83*** 11]14.91** 22 3.23
Shape CYL Biomass 21.14*** 2]1219,83"** 11/14.91*** 22 3.24
Others ESD 45,14*** 2|501.09*** 5/2.81** 10 3.25
Others Biomass 43.54" 2|501.09*** 5/2.81* 10 3.26
Nematoda ESD 1.83 2/291.95*** 5/2.85* 10 3.27
Nematoda Biomass 0.72 2|291.95*** 5{2.85" 10 3.28
Copepoda ESD 54.11** 2[161.59*** 4|4.36"*" 8 3.29
Copepoda Biomass [51.55*** 2/161.59*** 414.36*** 8 3.30
Taxonomy &y ochaeta ESD |31 117 2[36.19" aj2.01° 0] 3.31
Oligochaeta Biomass {32.85*** 2/36.19** 412.01* 10 3.32
Palychaeta ESD 0.46 1{188.11*** 9/5.91* 9 3.33
Polychaeta Biomass 1.28 1]188.11*** 9|5.91** 9 3.34
Nematoda length 20.27*** 2|457.08"* 5/4.62* 10 3.35
Nematoda width 24.64*** 2]103.60** 5]4.58"* 10 3.36
Copepoda length 66.38*** 2|457.66**" 4/9.35** 8 3.37
Biclogy Copepoda width 88.57*** 2[200.79*** 4]10.85*** 8 3.38
Oligochaeta length  |25.14*** 2|56.86"*" 4/14.59** 10 3.39
Qligochaeta width 14.22"** 2|7.91** 4 1.85 10 3.40
Polychaela length 29.27** 1{157.71*** 9]11.42* 9 3.41
Polychaeta width 7.8 1]139.44** 9[12.7** 9 3.42
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Table 3.6. (F) values of multifactor ANOVA of total BBSS resulted from using the three means of biomass for

three different sites in one season, (P) values were *<0.05, **<0.001 and ***<0.0001. DF (degree of freedom).

Sttes Mean sieve biomass | Mean shape biomass | Mean taxon biomass |DF of biomass levels Appendix No.
Freshwater 2.06 2 3.43
Middle estuary 1.15 2 3.44
Marine 1.22 2 3.45
All sites 4.17* 2 3.46
All sites 165.39%** 120.42%%* 143.04%**

DF for sites 2 2 2
Appendix No. 3.47 3.48 3.49

Table 3.7. (F) values of multifactor ANOVA of total BBSS resulted from using the three means of biomass for

one site in all seasons, (P) values were *<0.05, **<0.001 and ***<0.0001. DF (degree of freedom).

Season Mean sieve biomass | Mean shape biomass | Mean taxon biomass |DF of biomass levels Appendix No.
Winter 4.56* 2 3.50
Spring 8.93** 2 3.51
Autumn 19.19%*»* 2 3.52
Summer 1.22 2 3.45
All seasons 27.36*%* 2 3.53
All seasons 170.85%** 126.50*** 85.01%**

DF for seasons 3 3 3
Appendix No. 3.54 3.55 3.56
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3.7. Discussion

The results of this chapter provide important supplementary information to the
methodology given by Ramsay ef al (1997) in terms of comparing the shapes of benthic
biomass size spectra in different sites and seasons. Application of multiple regression
analysis reduced the variation in taxon biomass values across the sieve sizes, giving
standard values to be used as conversion factors within sites and among seasons assuming
that mean major taxon biomass is invariable among seasons. This was achieved by
predicting the mean major taxon biomass per sieve per site from the measured values.
Although there was no significant difference in BBSS within sites (freshwater, middle
estuary and marine) in summer or between measures (mean sieve, mean shape and mean
major taxon biomasses), there was a difference in BBSS between sites for each measure
anq between measures and seasons for each measure within one site (marine) (Tables 3.6
&3.7).

The significant low BBSS constructed using the mean taxon biomass within one site
(marine) for all seasons except in summer, relative to those constructed using the other
biomass conversion factors may be as a result of the overestimation of BBSS using the
mean sieve or mean shape biomass as conversion factors. For the same season, total
abundance is the same within the same site and using mean sieve or mean shape biomass as
conversion factors may include other taxa which were present in summer (where organism.;".
were measured) and absent or reduced in abundance in other seasons. This could result in
an overestimation of the BBSS, if compared with that constructed using the mean major
taxon biomass, which is the real representation of the taxa present. Therefore, mean major
taxon biomass is going to be used as the valid conversion factor throughout the current
study.

Despite the similarity between this study with that of Ramsay ef a/ (1997) in terms of the
overall ratios of the organism body length to mesh size and the closeness of the overall

mean ESD values for the different body shapes (Table 3.3), cylindrically shaped organisms
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behaved differently through the sieving process than other shapes. Mean ESD values for
the cylindrically shaped organisms were consistently smaller than both that of the other
shapes within the same sieve size and that of the organisms allocated the category of the
power equation in the next smaller sieve size. This may be explained by these long and thin
taxa becoming coiled around the mesh wires, especially in coarse sieves as suggested by
Edgar (1990), thus reducing the mean organism weight. This artefact became less obvious
for meiofauna, so it could be deducted that the pattern was due to the dominance of
Oligochaeta and Polychaeta in the macrofauna category (Table 3.4 & Figure 3.5), which
were gradually replaced by other cylindrically shaped organisms, like Ostracoda,
Tardigrada, Collembola, etc. These are characterised by their body length not exceeding
their width, the organisms therefore behaving to some extent as other body shapes,
reducing the difference between the mean ESD for the cylindrically shaped organisms and
that of the other body shapes in the meiofauna category. Edgar (1990) and Bachelet (1990)
suggested that, in marine systems, different body shapes of the same biomass might be
caught in different sieves, particularly Polychaeta, Oligochaeta and Nematoda. This
suggestion might support the findings of the current study. However, the overall mean ESD
values for the sieve sizes were significantly different from each other (Figure 3.5).

The percentage of the different body shapes measured in Ramsay et al's (1997) study,
(72% as power equation and 22% as cylinders) may explain any contrasting results with
the current study (i.e. there being no difference between mean ESD values for cylindrically
shaped organisms and that of the other shapes). In the current study, organisms represented
by power equations were about 20.8% and 76.7% were cylinders. The low percentage of
the measured cylinders in the study of Ramsay et al/ (1997) might underestimate the
influence of these body shapes on the final biomass size spectra in habitats containing large
numbers of polychaetes, oligochaetes and nematodes.

The significant difference in mean sieve biomass among sites observed in the current study

contrasts with the results of Ramsay ef a/ (1997) which could be explained by the large
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difference in the sites of the current study from freshwater to marine compared with
freshwater and upper estuarine sites (Ramsay ef al., 1997).

Different taxonomic distribution in both categories of meiofauna and macrofauna may be
the reason of the overlap between freshwater site and marine site (Figure 3.7). i.e. in the
marine site, most of the meiofaunal organisms were nematodes compared with that of
freshwater, where oligochaeta, ostracoda and tardigrada were abundant, in contrast, the
presence of nemertea in the macrofaunal category in the marine site resulted in relatively
high mean ESD values if compared with that of freshwater, while in the middle estuary
site, taxa represented in both freshwater and marine site were present especially in the
meiofauna category, therefore, its mean ESD values were high. Despite the
underestimation of the size of cylindrical organisms, the described method is valuable for
quick, direct comparison of sites, but any comparison with spectra derived using alternative
methods should be treated with caution,

In conclusion, this chapter provides supplementary information to that given by Ramsay er
al (1997) for comparing the shapes of the plots of benthic biomass size spectra in different
sites and seasons. Temporal and spatial taxonomic variability within and between sites can
be taken into account by using mean major taxon biomass per sieve as a conversion factor
for calculating total biomass. Although this technique may underestimate the size of
cylindrically shaped organisms, it is still a useful tool for comparing the shapes of benthic
biomass size spectra from different geographical locations. Regression models also allow a

robust means of generating major taxon mean biomass values.

3.8. The recommended method for BBSS construction

For constructing BBSS using this method, the following outlined procedures are advisable:
1. Collection of sample while low tide.

2. Macrofauna separation from meiofauna using 500 and 45 pm mesh sizes.
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10.

11.

Fixing meiofauna and sediments in the plastic pots with 10% formalin until finishing

the macrofaunal processing (separation from the sediments, washing into 2000, 1400,

1000, 710 and 500 um mesh sizes and then fixing each size category by 70 % alcohol).
Separating meiofauna from the sediments by floatation on Ludox™ (Mclntyre and
Warwick 1984) three subsequent times to ensure complete extraction of meiofauna
from the sediments.

Washing the extracted meiofauna through 355, 250, 180, 125, 90, 63 and 45 pm mesh
sizes and then collecting these organisms within each size category in a separate tube to
be fixed by 70 % alcohol.

Direct counting or subsampling in case of macrofauna and large meiofauna or small
meiofauna respectively to be performed using binocular stereomicroscope.
Measurement of organisms to be achieved using a camera lucida connected to laptop
programmed for measuring the organisms' body dimension (taking into account the
curvatures of the organisms) drawn on a digitising pad.

Ten organisms are enough for getting accurate result of either mean sieve, shape or
major taxon biomass. However, the more measurements the more accuracy.

Where no publiéhed data for density or the dry/wet weight ratio for organisms in sites
like the estuary, these values might be predicted from the published data in other sites
(freshwater and marine) as a function of salinity.

Mean major taxon biomass is the best conversion factor to be used for converting total
abundance into total biomass.

Multiple regression analysis could be used to overcome; the variability of the

conversion factors across the mesh sizes.
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CHAPTER 4

Variation in Benthic Size Spectra Across A Full Salinity Gradient



4.Variation in benthic size spectra across a full salinity gradient

4.1. Introduction

Size spectra are a tool that is being used increasingly to evaluate and compare the structure
of aquatic communities (Hanson, 1990). It is important to quantify the seasonal and spatial
variations of benthic biomass size spectra in order that they may be incorporated in
environmental assessment programs as diagnostic measures of community or ecosystem
structure (Morin ef al. 1995). To date, however, benthic size spectra studies have tended to
focus on one type of aquatic system, for example, Strayer (1986) and Poff ef al. (1993) for
freshwaters and Warwick (1984) and Drgas et al. (1998) for marine systems. Any possible
impact of a salinity gradient within the same system on the benthic size spectra has been
neglected.

Few studies on temporal and spatial variability of size spectra exist. Strayer (1986) found
no obvious change in biomass and abundance size spectra between the littoral sediments
(1m through 5m) and oxygenated gyttia (7.5 m) of Mirror Lake, New Hampshire. In
contrast, he reported abrupt spatial changes between depths of 7.5 m and 10.5 m. He
suggested that these differences were not related to body size, but instead were a result of
the low number of species, which are able to tolerate the seasonal anoxia at 10.5 m.
Similarly, Drgas et al. (1998) reported that benthic biomass spectra conformed to a
common pattern in the Guif of Gdansk (Southern Baltic Sea) and could be represented by a
single "averaged" spectrum, despite differences in habitat and community structure
between the studied sites. Other studies for freshwater habitats have shown consistent
patterns in the distribution of biomass between sites and dates, despite large differences in
taxonomic composition (Cattaneo, 1993, Bourassa and Morin, 1995). Benthic biomass size
spectra (BBSS) in nine freshwater habitat types investigated by Poff ef al. (1993) were
similar to those observed for the marine benthos but not to other freshwater benthic

systems, being bimodal instead of unimodal. In marine sites, workers have concluded that
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biomass distribution patterns are a consistent, conservative and predictable feature of
communities (Schwinghamer, 1981, 1985). Warwick (1984) stated that species body size
distributions from eight temperate marine benthic communities showed a highly
conservative pattern with two separate log-normal distributions, corresponding to the
traditional categories of meiofauna and macrofauna. More recently, however, Duplisea
(1998) concluded that BBSS had a consistent pattern along a salinity gradient arguing that
the bimodal ‘common’ pattern did not exist in like regions / conditions throughout the
world.

However, other studies reported differences in size spectra for different habitats. For
example, Morin and Nadon (1991), showed that there was significant difference in size
structure of epilithic lotic organisms among 12 streams and Hanson (1990) recorded
significant differences between two weed-bed habitats in terms of macrobenthos size
spectra. Similarly, Shirayama and Horikoshi (1989) pointed out that benthic size spectra
varied between different depths (sublittoral, upper-slope and deep sea areas) of the Western
Pacific Ocean, with the average size of individuals decreasing with increasing water depth.
Other studies have reported both temporal and spatial variability in biomass size spectra.
For example, Hanson ef al. (1989) for lake macrofauna, Aller and Stupakoff (1996) for the
whole marine benthic community and Soltwedel ef al. (1996) for benthic Nematoda.

The inconsistency in benthic size spectra among the different habitats may result from an
inconsistency in the methodology used. This chapter will compare and estimate the
variation of benthic size spectra (if any) across a full salinity gradient using a consistent

methodology.

| 4,2. Aims

The main goal of this chapter was to study the seasonal variation in benthic size spectra
(abundance and biomass) across a full salinity gradient (i.e. from freshwater to marine)

within the same river/coastal system.
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4.3. Materials and methods

Five sites were sampled in the Yealm system, (freshwater, upper estuary, middle estuary,
lower estuary and marine - See chapter 2 & 3 for sampling and sample processing).
Abundance and biomass size spectra were standardized by calculating the percentage of
abundance or biomass in each sieve relative to the total (sum of all abundance or biomass
in all sieves) (Hanson 1990). Normalized benthic biomass size spectra were also
constructed (Rodriguez and Magnan, 1993) to facilitate comparison among sites.

Differences between sieves, sites, seasons and their interaction in terms of abundance,
biomass were examined by ANOVA using log (N+1) transformed data. Abundance and

biomass data were tested for normality visually to confirm homogeneity of variance.

4.4. Results

4.4.1. Seasonal and spatial variations in abundance size spectra

Multifactor analysis of variance of log (N+1) transformed abundance values for all sites in
all seasons revealed that there were significant differences between sieves (P<0.0001), sites
(P<0.0001), seasons (P<0.0001) and their interactions (P<0.0001) (appendix (4.1)).
Generally, benthic abundance size spectra (Figure 4.1) showed a conservative pattern
across the different sites of increasing abundance with decreasing body size. However, this
pattern broke down in winter, where there was a trough corresponding to the 355 pm size
class and where macrofaunal and meiofaunal size categories were relatively equal (Figure
4.1). Moreover, the abundance of meiofauna in the freshwater site in autumn was lower
than those of summer and spring seasons.

Standardized abundance size spectra for summer did not differ markedly in shape among
the study sites (Figure 4.2) and peaked in the 90 um (for freshwater and middle estuary
sites) and 125 pm sieves (for upper, lower estuary and marine sites). Macrofauna were

represented at all sites by only a small fraction (2.4-9.3 %) of the total abundance in the

size range 500 — 2000 um.




Standardized abundance size spectra in autumn peaked in the 125 pm size class for upper,
middle, lower estuary and marine sites (Figure 4.2). The freshwater site showed a different
pattern, with peaks in 355 and 125 pm size classes (Figure 4.2). Again, macrofauna were
represented by a small fraction of the total abundance, except for the freshwater site where
24 % of organisms were retained by the 355 um sieve. In winter, standardized abundance
size spectra showed a completely different pattern compared with other seasons in all sites
except manne (Figure 4.3): freshwater, upper, middle estuary abundance size spectra
showed a higher macrofaunal abundance compared with the meiofaunal abundance, while
in lower estuary site macrofauna and meiofauna were fairly equal.

In spring there was a similar pattern to that of summer and autumn (Figure 4.3) with a peak
abundance in the meiofaunal size range (63 um for the freshwater site; 90 um for upper,
middle estuary and the marine site, and 125 um for the lower estuary site). Macrofauna

represented only a small fraction of the total abundance (Figure 4.3).

4.4.2 Taxa driving patterns in abundance and biomass size spectra

Abundance spectra for the individual major taxa within the different sites and seasons
(Figures 4.4, 4.5) provide important information on which organisms were driving the
patterns observed. Some major taxa were abundant across most of the sites, for example
nematodes, copepods in the meiofaunal size range and oligochaetes (except the marine
site) and polychaetes (except in the freshwater site) in the macrofauna (Figures 4.4, 4.5).
Some taxa did have a site-specific distribution, however, insect larvae for example were
abundant in the freshwater site and amphipods in the lower estuary and marine sites.
Oligochaetes were also dominant in the freshwater site whilst Polychaetes dominated in the
marine site (Figure 4.4, 4.5).

Variation in the abundance of the major taxon may influence the biomass spectra. For
example, in summer, the observed peak in the 355 um size class was due to oligochaetes
and dipteran larvae in the freshwater site, and polychaetes and nematodes in the middle
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estuary site and polychaetes, nematodes and copepods in the marine site (Figure 4.4). In
autumn, the observed high biomass in the 1000 pum size class in the freshwater site is
related to the presence of bivalves with high mean biomass, whilst the biomass peak in the
355 pm size class in the middle estuary site is mainly due to high abundance of
polychaetes. Moreover, the flatness of the biomass in the 180-500 um size range in the
marine site is probably due to the combined effect of abundant nematodes, copepods,
bivalves, amphipods and polychaetes (Figure 4.4).

In winter, where the shape of the spectra broke down, the irregularity in BBSS in
freshwater is probably due to the presence of Coleoptera in the 500-1000 pum size range
compared with that in the 1400 pum size class. Irregularity in the meiofaunal category was
mainly due to the presence of just one taxon (nematodes) which was the main meiofaunal
constituent (Figure 4.5). In the middle estuary site, the detected biomass trough in the 355
um size class is due to the low nematode and copepod abundance and absence of
oligochaetes and polychaetes in this size class. In the marine site, the presence of
polychaetes only in the 1000 um size class relative to the other macrofaunal size classes is
responsible for the detected low biomass in this size class, while lower nematode and
ostracod abundances in the 355 um size class relative to those in the next smaller size class
(250 pm) lowed the biomass value in the 355 pum size class. In spring, in the freshwater
site, the co-presence of oligochaetes along with dipteran larvae and bivalves in a wide size
spectrum (180-2000 um) may result in the regular biomass increase in this size range. The
presence of polychaetes in the 250 um size class increases the biomass in this size class,
while in the 45-125 um size range, nematodes, oligochaetes and copepods were the shaping
factors for the biomass spectrum in this size range (Figure 4.5). Similarly, in the middle
estuary site, the persistent presence of oligochaetes and polychaetes in a wide range of size
classes, approximately the whole size range studied, resulted in the regularity in biomass

spectrum. Moreover, the presence of amphipods in the 1000 um size class and ostracods in
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the 250 pm size class may be related to the relative high biomass in these size classes. In
the marine site, the gradual decrease in the nematode and copepod abundance in the 180-
500 um size range may be the reason for the counterpart biomass spectrum in the same site

and season (Figure 4.5).

4.4.3 Seasonal and spatial variation in absolute BBSS

Three sites were chosen for studying biomass size spectra (freshwater, middle estuary and
marine) representing the full salimty gradient.

Despite the significant differences between sieves (P<0.0001), sites (P<0.0001), seasons
(P<0.0001) and their interactions (P<0.0001) in terms of log transformed biomass values
for freshwater, middle estuary and marine sites over the year as a whole (appendix (4.2)), a
conservative pattern of increasing biomass with increasing body size was found across sites
and seasons. The BBSS interaction plot for sites and seasons revealed that the BBSS for the
freshwater site were significantly lower than those of the marine site, which in turn, was
significantly lower than those of the middle estuary site, for all seasons (Figures 4.6, 4.7).
Biomass size spectra in winter were significantly lower than those of the other seasons
(Figure 4.6).

Although there were shallow troughs in BBSS which varied among sites and seasons
(Figures 4.8, 4.9), these troughs were less than half an order of magnitude in relation to the
biomass represented in the log; ESD category of -2.4 (sieve size 355 um) and —-1.2 (sieve
size 1000 pum) in the freshwater site in summer and autumn, respectively. Similarly, in the
middle estuary site in summer and autumn, and marine site in all seasons, the troughs were
also less than half an order of magnitude for BBSS in relation to the biomass represented in
the log, ESD category of —2.2 (sieve size 355 um) in the middle estuary in both seasons
and in the marine site, in the log; ESD categories of -2.0, -3.3, (-1.3 & -2.9) and -3.3 in
summer, autumn, winter and spring, respectively. The two drops in the freshwater BBSS in

winter were less than an order of magnitude in relation to the biomass represented by log:
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ESD categories of —1.2 and -3.0 (sieve sizes 1000 and 180), respectively. (Figures 4.9).
Visual comparison of the spectra (Figures 4.8, 4.9) reveals that the meiofaunal ranges of
the spectrum were relatively consistent compared with the macrofaunal ranges which

varied among sites and seasons.

4.4.4 Seasonal and spatial variation in standardized BBSS

Generally, standardized benthic biomass size spectra showed a relatively consistent pattern
across sites (freshwater, middle estuary and marine sites) and seasons; biomass increasing
with size class. Most of the biomass fraction was concentrated in the macrofaunal size
range 500 — 2000 pum (Table 4.1).

In summer, standardized benthic biomass size spectra peaked in the size category of 2000
pm at all sites (Figure 4.10). There was a small trough in the size range of 1400-355 um
(equivalent to the log, ESD values of (-0.8) — (-2.2) and (-0.7) — (-2.0)) in middle estuary
and manne sites, respectively. In autumn, although most of the biomass was concentrated
in the macrofaunal category in the three sites, middle estuary biomass size structure had a
trough in the same size range. However, there were no clear peaks other than that in the
2000 um size class in the marine site and in the size class 1000 pm in case of freshwater
site (Figure 4.10).

In winter, and spring, patterns of biomass size spectra have the same conservative shape,
that is a gradual increase of the percentage of biomass with increasing size, apart from the

biomass drop in the size class 1400 and 1000 um in the freshwater and marine sites,

respectively, in winter, and the trough in the size range of 250-500 pum (Figure 4.11).
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4.4.5 Normalized biomass size spectra

Normalized biomass size spectra were constructed to facilitate a more quantitative
comparison of biomass distributions among sites (see chapter 3).

The normalized size spectra mirrored closely the changing trends in the biomass profiles of
the benthic communities (Figures 4.12 to 4.13) (Table 4.2) (appendixes 4.3-4.14). The
slopes of the normalized spectra for all sites and seasons were shallower than —1.0 (steady
state, i.e. biomass being evenly distributed among sieve sizes), indicating the influential
effect of macrofauna in the benthic biomass size spectra. The intercepts of the normalized
spectra also varied among sites and seasons. The highest intercept value was in the middle
estuary, indicating a higher abundance in this site. Intercepts values were lowest during

winter indicating lower abundance in this season.
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Table 4.2. Normalized biomass size spectra: slopes, intercepts, correlation coefficients (r2) and the P values for
the study sites in the different seasons. (*) = not significant.

Site
S
casof freshwater |Appendix No. |middle estuary |Appendix No. |marine site Appendix No.
. Slope -0.3877 -0.5763 -0,3984
g intercept 8.9828 10.5493 9.3870
E B 43 47 4.11
3 r 0.6840 0.7795 0.7181
P value 0.0009 0.0001 0.0005
Slope -0.1195 -0.5403 -0.4161
E  [intercept 6.5881 10.3319 9.6127
2 - 4.4 4.8 4.12
2 r 0.0813 0.6999 0.8056
P value 0.3688 * 0.0007 0.0001
Slope 0.1471 -0.0466 -0.3639
3 intercept 6.9571 7.4316 6.6795
E : 4.5 4.9 4.13
= r 0.1000 0.0111 0.7255
P value 0.3165 * 0.7445 * 0.0004
Slope -0.3706 -0.5156 -0.4567
2 intercept 8.5837 10.5945 9.1303
' - 4.6 4.10 4.14
A r 0.9075 0.7585 0.7930
P value 0.0000 0.0002 0.0001
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4.5. Discussion

Abundance size spectra showed a general conservative pattern of increasing abundance
with decreasing body size (Strayer 1994, Cotgreave 1993, Blackburn er al. 1993) across all
sites in all seasons with a peak in the 63-125 um sieve size range (see Figures 4.4 & 4.5).
However, there were some exceptions to this pattern, most notably in winter when
abundances were low.

This pattern in abundance was reflected in biomass spectra. Hence, despite the big
differences in salinity regime and community structure across the study sites and seasons,
the shape of abundance and biomass size spectra was consistent; biomass increased with
size and showed no evidence for bimodality as shown by Schwinghamer (1981). Moreover,
biomass size spectra in the current study were not similar to those of Schwinghamer (1981,
1985) in that there was an absence of large biomass troughs. Despite the presence of
biomass troughs in the different sites and seasons the most extreme trough was less than an
order of magnitude relative to the observed peaks. This level of difference in the order of
magnitude between troughs and peaks was not the same as those of Schwinghamer (1985)
who showed that the biomass troughs of BBSS were 2-3 orders of magnitude lower than
the adjacent peaks.

This lack of bimodality and of significant troughs in BBSS was similar to other studies,
such as those detected in the Baltic Sea (Duplisea, 1998; Duplisea and Drgas, 1999), in a
freshwater lake (Strayer, 1986) and in freshwater stream and the top end of an estuary
(Ramsay et al. 1997). The probable reason for the differences between the findings of
Schwinghamer (1981, 1985), and those of the current study may be due to inconsistency in
the methodology used, which might result in biomass drop in certain size categories.
Similarly, the fluctuation of the BBSS pattern among sites being bimodal at only some
sites and unimodal at the other sites in a Piedmont stream (Poff et a/. 1993) was thought to
be due to differences in the nature of the mineral sedimentary habitats which probably

accommodate a wide range of organism sizes (sensu Schwinghamer, 1981, 1985).
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However, this seems unlikely to be a reason for this fluctuation, since the current thesis
provides evidence for the consistency of BBSS in the natural and artificial substrata
(chapter 6).

The relatively consistent shapes of meiofaunal biomass spectra compared with those of
macrofauna (Figures 4.8 & 4.9), suggests that macrofauna are probably more sensitive than
meiofauna to seasonal variation in environmental factors. Moreover, macrobenthic life
history patterns may explain the detected fluctuation in the biomass spectra of the
macrofaunal size categories. Macrobenthic species have planktotrophic larvae which fall
within the adult meiobenthic size distribution. After attaining a size which enables them to
compete with the holoplankton, the macrofaunal larvae settle to the bottom (Warwick ef al.
1986).

The low abundance and consequently altered biomass spectra in all sites in winter (Figures
4.2, 4.3) might be related to three possible factors. Firstly, the sediment instability which is
at a maximum in winter due to the impact of winds and increased flows (Aller and
Stupakoff, 1996; Garcia et al., 1995). Secondly, in winter, most of meiobenthos may
migrate deeper down in the sediments (Giere, 1993). Thirdly, life cycle strategies might
result in low growth rates and abundances in cold seasons. These suggestions are supported
by Wiedenbrug er al. (1997) who reported that neither abundance nor composition of the
macrobenthos of a coastal lake in southern Brazil differed significantly between seasons
(summer and winter). They argued that their result might be as a result of the permanent
exposure to the blowing winds. Similarly, Tokeshi (1995) reported that populations of
polychaete taxa demonstrated moderate seasonal fluctuations, with numbers generally low
in winter and reaching maxima in spring and summer in a pacific South-American rocky
shore. Moreover, Beukema er al. (1993) reported that biomass fluctuations were stronger in
nearly all individual benthos species and size classes than those in total macrobenthos.
They showed that minimal biomass values were caused as a response to winter character

over the entire Wadden Sea.
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The detected differences in the biomass size spectra between the study sites in the current
study may be related to the differences in the abundance size spectra, with abundance
having an influential impact on benthic biomass size spectra (Ramsay e/ al. 1997).
Therefore, low abundance in winter and in freshwater in autumn may consequently result
in low biomass in the same seasons and sites.

Despite the known effects of environmental factors such as organic carbon on benthic
biomass size spectra BBSS (Soltwedel ez al. (1996) for benthic nematodes), differences in
BBSS between sites in the current study are not simply a function of such environmental
factors. The percentage of organic carbon in summer, spring and winter in freshwater and
marine si_tes was not correlated with the BBSS in the same seasons for these sites (see
Figure 4.6 in the current chapter & Table 2.5 in chapter 2). However, differences in
abundance of the different taxa with different mean biomass seem to be the key factor for
temporal and spatial variation of BBSS (see section 4.4.2 in the current chapter). This
suggestion may support the findings of Duplisea and Drgas, (1999) who referred to the
presence or absence of some organisms and hydrodynamics as more likely to be the
important factors determining the community structure and hence the differences between
sites in terms of BBSS.

Normalized spectra as a mean of quantitative comparison supported the finding of the
current study, which is the concentration of most of the biomasses in the macrofaunal
category. The slopes in summer, autumn and spring seasons were all in the range detected
by Drgas et al. (1998) who reached the same result. Similar to other biomass spectra,
patterns of normalized spectra broke down in winter (i.e. at low abundances) compared

with those of the other seasons (see above).
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CHAPTERSS

Benthic Bacterial Biomass Size Spectra



5. Benthic bacterial size spectra
5.1. Introduction

Studies of bacterial size distributions in aquatic systems were initiated by Azam and
Hodson (1977) in an investigation of size distributions and activities of marine
microheterotrophs. They used the approach of size fractionation of natural populations of
marine microorganisms using Nuclepore filters, to separate the bacterial fraction from
other organisms and to determine the importance of bacteria in the heterotrophic activity in
a variety of oceanic and neritic environments. They considered organisms passing through
1-um-pore filters to be bacteria, with the reservations that bacteria attached firmly to larger
particles will be retained by such filters, and that some organisms other than bacteria might
pass through 1-um-pores.

The importance of the size structure approach in aquatic microbial ecology has increased
recently due to its usefulness in evaluating the relationships between the bacterial activity
and size (Gasol e al. 1995 and Servais and Garnier, 1993), or in the estimation of the
proportion of the metabolically active cells (Delgiorgio and Scarborough, 1995) which
could be used as a stress indicator (Goulder, 1991). For example, Gilmour and Henry
(1991) have shown that an alteration in population size and/or structure of sulfate-reducing
bacteria could be one of the explanations for increased bioaccumulation of mercury as a
contarni‘ﬁant in fish. Furthermore, enzyme activities within different sizes could be
determined through bacterial size structure leading to a better understanding of how and
why the bacteria “sediment chemists” perform their essential roles in the environment
(Berman et al. 1990).

Bacteria are described as “microscopic organisms”, but this conveys little quantitative
meaning and more definitive remarks concerning their dimensions must be made. It is
difficult to obtain anything other than representative or average values, not only because

individual bacterial cells vary in dimensions, but also because the methods employed for
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measuring them yield only approximations. Bacteria range from 0.15 to 4.0 ym in width
and from 0.2 to 50 um in length (Doetsch and Cook, 1973). In cylindrical forms, length

appears more variable than width.

5.1.1. The choice of bacterial size categories

Williams (1970) used Millipore filters to size-fractionate natural marine microbial
populations after incubation with '*C-labeled D-glucose or a '*C-labeled amino acid
mixture. He found that an average of 49.5% of assimilated '*C was associated with
organisms passing through 1.2 pm, 68% through 3 pm and 80% through 8 pm effective—
pore—size membrane filters and concluded that at least 50% of activity was almost certainly
due to b.acteria. Azam and Holm-Hansen (1973) reached a similar conclusion from their
work in the central North Pacific gyre, using Millipore filters. These reported similarities
may be as a result of using the same filter (Millipore filters), where only a minimum
estimate could be made compared with that resulted from using the more advanced filters
(Nuclepore filters) (Bowden, 1977). This could be confirmed by comparing their results
(49.5%) with that of Azam and Hadson (1977) (90%) who used Nuclepore filters that
resulted in better estimation of the bacterial activity (from 49.5 % to 90 %).

As the 1 pm filterable size fraction appears to contain a high proportion of bactena (Azam
and Hadson 1977), it was the focus for this study and was further fractionated into three
size categories. The proposed sizes were on Wentworth filter-size series, with a doubling
of filter-pore area at each stage (0.2 pm, 0.4 pum, and 0.8 um), the same approach used for

the other chapters in the current study.

5.2. Aims

This study aims to compare: 1) abundance and biomass size spectra; and 2) Adenosine
Triphosphate concentrations (ATP, i.e. the activity measure) within the different size
classes, for benthic bacteria in a freshwater and a marine site within the same system

(Yealm).
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5.3. Methods

5.3.1. Biotic and Abiotic Sampling

Sediment samples were collected in June 1998 from the marine (5/6/1998) and freshwater
site (8/6/1998) in the Yealm system. 3 replicate samples were taken using a sterile
cylindrical corer (5.3 c¢m in diameter and 10 cm in length) from land in the case of the
freshwater site or by a diver in case of the marine site. This sample was then placed in a
sterile pot and homogenised using a sterile spatula. 1 cm’ of this homogenized sediment
sample was taken from the first replicate in the two study sites using sterile plastic medical
syringe .(with the needle end cut off as coring device) and was placed in a sterile universal
tube to be processed live in the laboratory. The remaining sediment samples were fixed
with formaldehyde (3.7% final concentration).

This sampling strategy was repeated at weekly intervals for the following two weeks
giving 3 live replicates and 9 preserved replicates for each site. Finally, three fresh
replicates of 5 cm’® sediments were collected from the marine site on 24/6/1998 and the
freshwater site on 29/6/1998 to be processed for ATP analysis. Two of these three
replicates were kept in the fridge while processing the third replicate to prevent bacterial
proliferation.

Environmental variables (salinity, conductivity, temperature and pH) were measured in the
field before taking the sediment samples. The percentage of organic carbon in the

sediments of both sites was measured using the same method described in chapter 2.

5.3.2. Sample processing

Microorganisms were separated from sediments using density gradient centrifugation. This
method has been used for extraction of protists from aquatic sediments (Alongi, 1993); the
efficiency of this method has also been approved for extracting bacteria from the sediments
in the current study by applying it, in the laboratory, on controlled sediment (autoclaved,

defaunated sediments with a known number of bacteria and pre-known average cell
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volume). This controlled experiment revealed that the average increase in number of
bacteria and the average cell volume (control) were lower than 1%. Therefore, this method

has been adopted for the extraction of bacteria from the sediments in the current study.

5.3.2.1. Extracting microorganisms from sediments

5 cm’ of Percoll-sorbitol mixture were added to the unpreserved 1 cm® sediment sample in
the universal tube. The sample was then mixed thoroughly using vortex at slow speed for 1
to 2 min. and left to stand for 1 hour to allow the density gradient to develop. The sample
was then centrifuged at 3000 rpm for 30 minutes. The resultant supernatant was filtered
through three different pore sized Nuclepore filters (0.8-, 0.4- & 0.2 pm). The remaining
pellets iﬁ the centrifuge tube were fixed with formaldehyde (3.7% final concentration) to
be processed again as a recovery run, (to extract as much adherent bacteria as possible)
using an improved sample preparation for enumeration of aggregated aquatic substrate
bacteria (Velji and Albright 1993), (see section 5.3.2.2).

The Nuclepore filters (0.8, 0.4 & 0.2 pm) were eluted separately in 20 m! of the suitable
diluent (filtered sterile physiological saline in case of freshwater samples and filtered
sterile sea water in case of marine samples) (a filter per tube). The contents of each of these
tubes were homogenized by vortex and divided between new 4 sterile tubes (5 cm® each).
Table 5.1 and Figure 5.1 shows the fate of each (5 cm®) within the same size category, and
for the three different size categories separately in freshwater and marine sites. Details of
the techniques used for enumerating and measuring cell volume, image analysis and the
Adenosine Triphosphate (ATP) extraction and measurement are listed in sections 5.2.4.and

5.2.5. respectively.
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Table 5.1. The fate of each 5 cm’ aliquots in each size category in the first run.

first 5 cm® second 5 cm’ third 5 cm® fourth 5 cm’
L Spare
Quantitative and . .
Qualitative estimation (not fixed) biovolume | V¥ | (Quantitative and
estimation (fixed) estimation biovolume
estimation (fixed))
1 cm’ (serial dilutions) epifluorescence ATP
3 o extraction spare
4 cm bacteria protista Ag;dr;;e c?;:: !ge with boiling| (epifluorescence
(spare) (AODGy | uffer, then | (AODC))
a0y Taohlaoh] aohy kept frozen.

98













8 For qualitative estimates 1 cm’ from the first 5 cm’ was used for serial dilutions using
the appropriate diluent (filtered sterile physiological saline in case of freshwater
samples and filtered sterile sea water in case of marine samples). Suitable ten-fold
serial dilutions were made for culturing bacteria and protista. Protista were cultured so
that they could be excluded from the counting and body dimension measurements
using the epifluorescence technique.

8 For quantitative and biovolume estimation, the second 5 cm’ was washed to remove
any traces of percoll-mixture, which may gel on adding preservative (Alongi, 1993),
by vacuum filtration of the sample through the appropnate filter size by adding enough
amount of the suitable sterile diluent (~5 - 10 cm’). The washed organisms on the filter
were then resuspended in 5 cm’ of the appropriate sterile diluent and fixed by adding ~
0.26 ml concentrated formaldehyde to produce a final concentration of 2%
formaldehyde. They were kept in the fridge before processing by the Acridine Orange
Direct Count (AODC), according to Hobbie ef al. (1977) and Heldal er al. (1985),
using image analysis.

o For quantitative estimate of ATP concentration, microbes (bacteria plus others) from
the third 5 cm’ aliquot were concentrated onto the appropriate pore sized Nuclepore
filter membrane by vacuum filtration. The filter with the organisms was then immersed
in 5 cm® of boiling phosphate (60 mM, pH 7.4) buffer, following the recommendations
of Karl, (1993). The results of this portion (representing a quarter of the original
sample) indicated that there was no ATP at all, this may have been due to the very
dilute sample or due to the fact that the ATP concentration in the volume of the
sediment was too small. To overcome this problem, a larger volume (5 cm’) of the
sediment (allocated entirely for ATP estimation) was resampled and processed the
same way.

8 The fourth 5 cm® aliquot was fixed and kept as a spare for the epifluorescence pathway.
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5.3.2.2. Re-extraction of adherent microorganisms from sediments

The scheme of this experiment followed that of Velji and Albright, (1993). It overcomes
the problems of enumeration of attached bacteria, which can be problematic using standard
epifluorescent methods. This is due to aggregation and layering of microbes embedded in
colloidal matrices, or the presence of opaque particulate matter which caused interference
with the observation of bacteria. This method utilizes a combination of chemical and
physical procedures for dispersing the bacteria from their attached sites or aggregated
forms. This involves initial fixation and strengthening of bacteria in the sample with
formaldehyde, followed by the addition of the dispersant tetrasodium pyrophosphate (PPi),
and the use of ultrasound, to separate bacterial cells. Bacteria were then enumerated using a
standard epifluorescence method (see below). The advantages of this method are : 1) it
allows for bacterial enumeration from aquatic substrates that are difficult or impossible to
enumerate via the use of standard methods; 2) the even dispersion of bacteria decreases
variance in bacterial counts between microscopic fields reducing the time required for
enumeration. The disadvantages of this method are that: 1) the bacteria are no longer viable
after being subjected to the treatment regime; and that 2) the use of PPi in samples with a
high concentration of multivalent cations in water can cause precipitation which would
interfere with the observation of bacteria. Therefore, minimal artificial seawater had been
prepared to be used to avoid this latter problem.

The fixed pellets retained from the first run experiment were prepared by suspending in 5
cm’ of 128 mM PPi (freshwater) and 93 mM PPi (marine) (Velji and Albright, 1993). The
contents of each tube were mixed using a vortex mixer and incubated at room temperature
(22 °C) for 15 — 30 minutes with shaking. The sample was precooled to 4 °C, packed with
crushed ice, and then sonicated at a power level of 100 W for 30-60 seconds. A 1 cm’
subsample was then processed using density gradient centrifugation (see first run

experiment). This recovery experiment was allocated entirely to the AODC technique (i.e.

103




the sample was not divided into four sections like the first run experiment) according to

Hobbie er al. (1977).

§.3.3. Qualitative estimation of microorganisms

The diluted microbial suspensions from the first 5 cm® aliquot (Table 5.1) were cultured in
order to identify the main types of bacteria present in the different size classes in the two
study sites.

Two media were tested for bacteria cultures: minimal and enriched sediment media. The
first media was from the natural habitats without addition of any nutrients (minimal
sediment medium), and the second media was supplemented with nutrients (enriched

sediment medium).

5.3.3.1. The minimal sediment medium

500 g of sediment was steamed in 1 L of Instant Ocean (marine sample) or physiological
saline (freshwater sample) for 1 hour. The supernatant was then decanted off and made up
to 1 L using instant ocean or physiological saline. The resultant solution was allowed to
cool, then pH was adjusted to be the same as that of the natural environment where the
organisms were living. Then 15 g of agar powder per liter was added (to solidify the
medium) and dissolved by heating. Finally, the media was distributed in pre-labeled bottles

and autoclaved.

5.3.3.2. The enriched sediment medium

The enriched sediment medium was prepared as the minimal sediment medium except that,
after cooling, 3g of yeast extract and 5g of peptone were added and dissolved by heating if
necessary. Then pH was adjusted to be the same as that of the natural environment. The
resultant solution was boiled for 3-5 minutes, filtered and pH was readjusted. Then 15g of
agar powder was added (to solidify the medium) and dissolved by heating. The final

solution was distributed in pre-labeled bottles and autoclaved.
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Two types of bacterial cultures were performed (aerobic and anaerobic cultures). For
aerobic cultures (spread plate), a 0.5 ml of bacterial suspension was transferred to the
surface of the solidified medium in a Petri plate, then it was evenly distributed over the
surface of the plate using the sterile spreader. The medium was allowed to absorb the
distnbuted bacterial suspension, then the media were transferred to the incubator at the
same temperature as that of the natural environment.

For anaerobic cultures, 1 ml of bacterial suspension was poured onto a sterile petri dish,
then molten medium was added. The medium was then allowed to set and incubated in an

anaerobic cabinet at the same temperature as that of the natural environment.

5.34. Qﬁantitative estimation and biovolume measurements

It is imperative to calibrate size measurement procedures against fluorescent latex beads
with a known diameter. The latex beads are very bright and will therefore appear larger
than they really are. The fluorescence intensity of the beads should be reduced to a level
more like the bacteria by inserting a natural gray filter in the light path. Preparations of
latex beads for calibration of size measurements are made in the same way as the bacterial
preparations, but staining is omitted. The beads' stock solutions should be diluted 107-107
fold in distilled water before use and then mixed to make a preparation containing different
bead sizes. It is important that the filter membrane and the cellulose-backing filter be pre—
wetted with deionized or filtered seawater and that bubbles be excluded when mounting the
filters on the filtration assembly.

The reliability of Acridine Orange Direct Count (AODC) for counting and measuring
bacterial cells was suggested by Bowden, (1977). He found an agreement between AODC
and Scanning Electron Microscope (SEM) techniques if 0.2 um Nuclepore filters were

used. AODC is preferable for routine ecological sampling.
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Epifluorescence procedures:

A volume of Acridine Orange (AO) solution (0.1% w/v in distilled water, preserved with
1% formaldehyde or glutaraldehyde) equal to 10% of the sample volume was added to the
sample. After staining for 3 min. the sample was gently filtered down using the appropriate
Polycarbonate Nuclepore black filter pore size, and 2 cm’ of either filtered seawater
(marine samples) or filtered physiological saline (freshwater samples) was then added to
the sample as a rinse when the meniscus of the sample reaches the filter surface. The filter
was gently removed from the tower while still under vacuum to minimize water retention
and prevent cells from floating off the filter surface. The filter was then mounted onto a
glass slide by smearing a small drop of non—fluorescent immersion oil onto the slide,
placing the filter onto the area of the slide covered with oil, and then placing another drop
of oil and a cover slip onto the top of the filter. The mounted filter was then examined
using an Olympus BH compound microscope with epifluorescent attachment with blue
excitation to fluoresce the microbes at either 1000x or 400x magnification. This was
connected to the image analyzer unit by a trinocular BH with a 3.3 photoeyepiece and a
low light level video camera (Fujitsu CCD TCZ-230EA) to acquire the image (see Figure
5.2). The image was then directly imported to the Quantimet Q570 image analyzer
programmed for recording the counts and the cell dimensions in an ASCII delimited
savable file that could be read into MS Excel for analysis. Final magnification to the
monitor screen was 6330 for the 100x objective and 2530 for the 40x objective.

For estimation of bactérial numbers and cell dimension measurements, the whole filter was
scanned by moving the microscope stage with the slide through a regular and constant
movement of the stage glider. This was repeated for at least 70 microscopic fields with an
average countable bacterial number for the scanned microscopic fields ranging from 40

(0.2 um filter size) to 140 (0.8 pum filter size) cells (first run) and from 4 (0.2 pm filter

size) to 70 (0.8 um filter size) cells (recovery run).
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The total number of bacteria / ml (#) was calculated using the formula of Sherr ef al.
(1993).

(cells/ field of wiew)x (areaof filter covered by sample)

#
fml = (field of view area)x(DF)x(m! filtered)

Where " DF " is the preservative dilution factor, "m/ filtered” is the bacterial suspension
volume filtered. At a given magnification using the same area of filter and dilution
technique a constant can be derived from the formula of Sherr e/ al. (1993):

At magnification of 100 objective the constant = 161,513

At magnification of 40 objective the constant = 23,375

For biomass estimation, the cell dimensions were then used for calculating the biovolume.
Cell shape was approximated to simple geometric shapes (cylindrical or spherical), which
was then transformed to biomass (dry weight) assuming that freshwater and marine
bacterta have a specific gravity of 1.1 and a dry- to wet-weight ratio of 0.3 (Batterton and
Van Baalen (1968), Warwick and Joint (1987)).

Total biomass was calculated by multiplying abundance per filter size x mean cell biomass

for that filter size (Maclean ef al. (1994), Cole ef al. (1993)).
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3.3.5. ATP extraction (activity measure)

5 cm’ of sediment were added to 20 cm® of percol-mixture, centrifuged after 1 hour as
previously described. The supernatant was then filtered through the three subsequent
Nuclepore membrane filters (0.8, 0.4 & 0.2 pm pore size). Meanwhile, 3 aliquots (5 cm?)
of phosphate (60 mM, pH 7.4) buffer were placed in 3 separate pre-labeled sterile universal
tubes and allowed to boil. Filters with concentrated microbes were immersed separately
into the boiling buffers as quickly as possible, to avoid loss of viability due to desiccation.
The filters with microbes in the boiling buffers were heated for an additional 5 minutes,
during which time the tubes were partially covered to minimize evaporation and resultant
volume change. Following extraction, the samples were cooled then stored frozen (-20°C)
unti] assays were performed. Such sample extracts are extremely stable with ATP losses of
less than 1% year”' in properly buffered solutions (Karl, 1993).

At the time of analysis, the samples were left to thaw at room temperature, and ATP was
measured using an ADENOSINE 5°-TRIPHOSPHATE (ATP) BIOLUMINESCENT
ASSAY KIT. The idea of ATP measurement using this kit is that ATP is consumed and
light is emitted when firefly luciferase catalyzes the oxidation of D-luciferin. For full
details (see the technical Bulletin No. BAAB-1, for the stock No. FL-AA ADENOSINE
5’-TRIPHOSPHATE (ATP) BIOLUMINESCENT ASSAY KIT).

Estimation of ATP does not distinguish between bacteria and other organisms, therefore,
the values of ATP reported in the current study cover all organisms in the processed

sample.

5.3.6. Statistical Analysis:

Differences between filter sizes, sites and their interaction in terms of bacterial abundance,
ESD, mean cell biomass, total biomass and ATP were examined by ANOV A using log (N)
transformed data. These data were tested for normality using residuals plots visually to

confirm homogeneity of variance.
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5.4. Results

5.4.1. Bacterial culturing

The minimal sediment medium did not provide any microbial growth. However, there was
an obvious growth in the enriched sediment medium. Although, there is no universal
growth medium for all the bactena, the second growth medium was chosen to grow the
dominant bacteria for both freshwater and marine sites.

There were two dominant cell shapes (Rods and Cocci) in both marine and freshwater sites
Tables (5.2 & 5.3). Rod shaped bacteria dominated the population. For example, in the
scanned areas of the filter, the percentage of rod shaped organisms in marine and
freshwa‘ter sites of the total number within each filter were 50%, 80% and 100% in 0.2, 0.4
and 0.8 pm filter sizes respectively. Although some bacteria appeared similar, they differed
in one of the physical or the biochemical characters such as Gram stain reaction, cell shape,
colony diameter, color, shape, transparency, consistency, pigmentation, oxidase and
fermentation tests, which were measured using the standard microbiological methods.
Marine bacterial colonies exhibited more variety in their consistency, (the state of being
mucoid, dry, shiny etc.). Most of the bacteria were aerobic, (the majonty of bactena were
grown in the aerobic conditions), this is probably because the samples were taken from the

water-sediment interface (oxic layer).

5.4.2. Physico-chemical characterization of freshwater and marine sites

In addition to the physicochemical differences between sites (i.e. marine and freshwater)
reported in chapter 2 percentage of organic carbon in marine sediments was approximately

twice as that of freshwater sediments.
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Table 5.2 : Freshwater bacteria cultivated in the enriched sediment medium

Diameter
Filter | Gram | Bactrial | ofthe | Colorof shape of the . . Onxidase .
size [ stain | shape | cotomy | the colony colony Transpareney | Consistency | Pigments test Fermentation test
{rmm)
Aerobic bacteria Exo.|Endo. Glucosc [mannitol
0.2 g (+ve)| Cocei 13  |Dak Circular Convex  [Opaque Mucoid [C1ND] {-ve) (-ve) (-ve)
0.2 {(+ve)| Rod 1.5 light |Circular Convex | Transtucent Mucoid 1 (v {-ve) (-ve) (-ve)
0.2 pmy (+ve)|{ Rod 20 ([Dark Circular Camvex {Opaque Mucoid [ONIG) (Hve) (-ve) (-ve)
0.2 purd (+ve)| Rod 3.0 [Dark creamf{Circular Comvex  |Opaque Mucoid -] (-ve) (-ve) (-ve)
0.4 yurd (+ve}| Rod 25  |Park cream{Circular Convex  |Opaque Mucoid 1 O] (e (-ve) (~ve)
0.4 (-ve)|] Rod 2.5 Orange Circular Convex  |Opaque Mucoid )1 (9 {+ve) {-ve) (-ve)
0.4 py (-ve} ] Rod 20 Circular Convex  |Transhucent Mucoid )1 () (+ve) (-ve) {-ve)
0.4 (-v¢)'] Rod 3.5 crezm{ Circular Convex  |Opague Mucoid [CHNG) {+ve) {-ve) (-ve)
0.4 umy (-ve) | Rod 4.3  IDark cream{Circular Convex  |Opaque Mucoid -] ) (-ve) {-vt) (-vc)
0.4 pry (+ve)| Rod 4.5  [Dark ercamCircular Convex  {Opague Mucoid ] () (-ve) {-ve) (-ve)
0.4 (-vc¢) | Rod 4.0 light cream|Circular Convex  [Transhicent Mucoid {-) ] (+) {+ve) {-ve) (-ve)
0.8 pumi (+ve)| Rad 1.5 light eream|Circular effuse Translucent Mucoid ()] (+) {+vc) {-vc) (-ve)
0.8 um{ (+ve)| Rod 2.8 [Dark cream{Circular Comex  |Opaque Mucotd 31 ) (+ve) (-ve) {-vc)
0.8 yury («ve) ] Rod 2.0  |Dark ereamCircular Convex  {Opague Mucoid )} () (+vc) (-ve) {-ve)
0.8 {+ve})] Rod 3.0 [light cream{Circular Convex |¥renstucent Mucoid ] (+ve) (-ve) (-ve)
0.8 (+ve)] Rod 4.8 |light cream]Circular umbonate | Transhucent Mucoid 21 () (+ve) {-ve) (-vc)
Anzcrobic bacteria
0.2 pmy (-ve)| Rod 1.2 {lipht eream|Circular Convex | Transtucent Mucoid ()] () {-vc) (+ve) (+ve)
0.4 (-ve)| Rod 1.0 |Dark cream{Cirentar Convex [ Translueent Mucoid (] (-vc) (+ve) (+ve)
0.8 (-ve)| Rod 1.5 IDark cream{Circular Convex | Translucent Mucoid ()] (v {-ve) (+ve) {+ve)
Table 5.3. Marine bacteria cultivated in the coriched sediment medium
Diameter
Filter | Gram | Bactrial | ofthc | Color of shape of the . . Oxidase .
size | stain | shapc | colony |the colony colony Transparency | Consistency | Pigments test F on test
(mm)
Aecrobic bacteria Exo.[Endo. Glucase |mannitol
0.2 yury (+ve)] Rod 2.0 light cream]|Circulzr Convex  [Transparent Mucoid )| +) {-ve) (-ve) (-ve)
0.2 umi (-ve) | Cocei 2.2 [Dark creamyCircular Convex  [Opaque Mucoid O @ (+ve) (-ve) (-ve)
0.2 (-v¢)| Rod 23  |light cream{Circular Convex | Transparemt Mucoid )] () (+ve) (-ve) (-ve)
0.2 pumy (-ve) | Rod 3.4 |light cream|Circutar umbonate | Transtucem Dry )] (¥ (+ve) (-ve) (-ve)
0.2 (-ve)] Rod 3.5 [Dark ereamyCircular Convex  |Opaque Mucoid 3] () (+ve) (-ve) (-vc)
0.2 g (+ve)[ Rod 4.0 _ |Dark cream{Circular Convex  [Opaque Mucoid | (] () (+ve) (-ve) | (-ve)
0.4 (-v¢)] Rod 1.7 [Dakk Circular pulvinate |Opaque Dry [CIND] {-ve) (-ve) (-ve)
0.4 pury (ve) | Rod 19  [Dark creamyCircular Comvex  |Opague Mucoid (ORI G)] (-ve) (-ve) (-ve)
0.4 pmy (-ve) | Cocci 25  |Dark creamCircular Canvex  {Opaquc Mucgid =] {+ve) (-ve) {-ve)
0.4 pmy (-ve) | Rod 25  |Dark cream{Circular umbonate | Transtucent Dry Ol {+ve) (-ve)} {-ve)
0.4 umy (+ve)| Rod 2.8 llight eream|Circular Convex | Translucent Mucoid 0l e (-ve) (-vc) {-ve)
0.4 um{ (-ve) | Red 4.8 [Dark cream|Circular umbonate [ Translucent Dry =] & (+ve) {-ve) (-ve)
0.8 jum{ (-ve) | Rod 2.5 |light cream|Circular Convex [Transparent Mucoid [T G (-ve) {-ve) (-ve)
0.8y (-ve) | Rod 3.3 light cream]Circular umbonate [ Transparent Dry )| () (+vc) (-vc) {-ve)
0.8 (-ve)} | Rod 3.8  |Dark acam{Circular Convex  |Transhucent Mucoid )] (+) (+ve) (-ve) (-ve
0.8 {(+ve)| Rod 4.3 Dark ¢ream{Circular umbonate jOpague Mucoid )1 (+ve) {-ve) (-ve)
Anacrobic bacteria

0.2 u (-ve) | Rod 1.8 |light cream] Circular umbonate | Franstucent Mucoid )] () {-ve) (-ve) (-ve)
0.4 pmf (-ve)| Rod 1.7 |light cream] Circular umbonate | Transtucent Mucoid Ol ) {-ve) {-ve) (ve
0.8 pmy (+ve)] Rod 1.9 [Dark cream| Circular Convex |Opaque Mucoid )| () (-ve) (-ve) (-ve)
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5.4.3. Epifluorescence technique

5.4.3.1. Bacterial abundance

Acridine orange direct count (AODC) revealed that the bacterial counts in freshwater and
marine sites were of the same order of magnitude (loscm'3), (Figure 5.3). Bactenal
abundance in the 0.8 pum size category, however, was about a third of that in the size
categories of 0.2- or 0.4-um in both freshwater and marine sites. Analysis of variance
(ANOVA) revealed that there was a significant difference in abundance between sites
(P=0.0001) (abundance in the marine site was higher than that of the freshwater site) filter
sizes (P<0.0001) (abundance on both 0.2 and 0.4 um filter sizes were higher than that of
the 0.8 pm) and a significant interaction among these two factors (P<0.0001) (see

Appendix 5.1).

5.4.3.2. Bacterial biomass

To standardize for the variety of cell shapes, bacterial sizes on each filter were expressed as
an Equivalent Spherical Diameter (ESD). Analysis of variance demonstrated a clear
significant difference in both mean ESD and mean cell biomass values between sites
(P<0.0001) (marine site was higher than freshwater site in terms of mean ESD and mean
cell biomass) and filter sizes (P<0.0001) (all filter sizes were different 0.8 > 0.4 > 0.2 um) ,
although the interaction term was not significant (P>0.05) (see Appendices 5.2 and 5.3,

respectively).

Bacterial cells inhabiting freshwater sediments showed a lower mean cell biomass
compared with that of the marine site (Figure 5.4). Multifactor analysis of variance showed
that there was a significant difference in the total biomass between sites (P<0.0001) (total
biomass in the marine site was higher than that of the freshwater site), filter sizes
(P<0.0001) (all filter sizes were different 0.8 > 0.4 > 0.2 um) and their interaction
(P<0.0001). However, total biomass spectra were consistent in their shape (Figure 5.5 and
Appendix 5.4).
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5.4.4. ATP estimation

Despite the similarity in the 0.2 um size category in both sites, ATP contents in the marine
site were consistently, and significantly, higher than that of freshwater site (Table 5.4). The
values ranged from 0.0 — 15.89 ng/l in freshwater sediments and from 0.0 — 23.17 ng/l in
marine sediments. Figure 5.6 shows the relative distnbution of ATP among the size
categories in both sites.

Statistical analysis (ANOVA) revealed that there was a significant difference in ATP
concentration between the sites (P<0.05), but no significant difference among the filter
sizes (P=0.13) or for the interaction term (P=0.83) (see Appendix 5.5).

No ATP was detected in the 0.2 pm organisms, while about 48% and 46% were found in
the size category of 0.4 pum in freshwater and marine sites, respectively. The 0.8 pum size

category was represented by 52% and 54% for freshwater and marine sites, respectively.

5.5. Discussion

Most previous size fractionations of microbes in aquatic systems have been performed for
bacteria in the water column (Cole ef al. 1993, Saliot et al. 1996; Lind and Davalos-Lind
1991; Azam and Hodson, 1977, Ishizaka et al. 1997 and Viles and Sieracki, 1992). This
does not mean that benthic bacteria are unimportant. On the contrary, benthic bacteria are
higher in abundance than those in the water column (Drake ef al. 1998) and may have uses

in a variety of useful fields, as biodegradation and contamination biomarkers.

5.5.1. Bacterial abundance

The statistical difference in abundance between study sites may be explained by
differences in organic carbon. Organic carbon is considered as a limiting factor for
microbial activity (Aller and Stupakoff 1996, Jurgens er al. 1994 a, Wright and Coffin
1984, Cole er al. 1988, Billen ¢f al. 1990 and Maclean ef al. 1994).

The estimated bacterial abundance in the current study for both sites (overall values were

3.2 x 10° and 4.1 x 10® cell per | in freshwater and marine sites, respectively) lies in the
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range obtained by Azam and Hodson (1977) who estimated the number of bacteria in
seawater to be 1x10® cells per 1 which was similar to that estimated by Ferguson and
Rublee (1976).

Hobbie er al. (1977) reported that, in one lake, 8.1x10°, 4.6x10° and 1.1x10° cells ml” were
found for filters of 0.2 um, 0.4 pm and 1.0 pm, respectively, which are values in the same
order of magnitude as those observed in the current study (4.4 x 10°, 4.6 x 10°, and 1.7x10°
cell ml”! for, freshwater site, and 5.8 x 10%, 5.3 x 10° and 1.6 x 10° cell ml” for, marine site,
in 0.2, 0.4 and 0.8 um filter sizes respectively). They argued that filtration onto Nuclepore
filters was the best technique for direct counts of bacteria. The fact that estimated
abundances for the current study in the different size categories, especially on 0.4 and 0.3
um filter sizes, were higher than that of Hobbie ef al. (1977) may be due to the relatively
high content of organic carbon in the sediments compared with the water column (Drake ef
al. 1998). Lind and Davalos-Lind (1991) hypothesized that the bacterial communities
associated with suspended clay—organic aggregates would be numerous and large celled
compared with those living free in the water.

Similarly, Saliot et al. (1996) reported that the availability of dissolved organic carbon is a
limiting factor for bacterial abundance and hence bacterial activity. They found that total
bacterial abundance (in their study) in the Lena River and delta (6.0x10°-8.3x10° cell L")
was higher than that of the Laptev Sea (2.0x10%-2.0x10% cell L") which they attributed tb
the fact that organic carbon was higher in the river site. However, total bacterial abundance
in the current study (1.37x10°-2.1x10” and 9x10°%-1.5x10° cells per liter for freshwater and
marine sites, respectively) was in the same order of magnitude as those reported in Saliot ef
al. (1996). Therefore, organic carbon may be one of the important factors controlling the
spatial distribution of bacteria.

This explanation has been supported by Aller and Stupakoff (1996) who suggested that the
significant elevation of the bacterial inventories throughout the upper 0-10 cm of the sea
bed as a result of more utilizable organic matter. Moreover, Maclean ef al. (1994) found
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that bacterial abundance and mean cell volumes were generally greatest in sediments
receiving the greatest input of organic fertilizer, at the faculty of Fisheries and marine
Science in trials with the freshwater prawn.

Bacterial abundance on the 0.8 um filter was significantly lower than that reported on the
other filter sizes (0.2 & 0.4 pm). This may be explained by the fact that large bacteria
(between 0.8-1.2 um®) are more likely to be consumed by predators such as protozoa
Chrzanowski and Simek (1990) and may be more susceptible to viral infection (Weinbauer
and Hofle, 1998).

Moreover, bacterial resistance mechanisms towards grazing by higher trophic levels may
be through reducing the cell size (Jiirgens, 1994). Therefore, the preferential consumption
of large sized bacteria by higher trophic levels shifts the bacterial community to the

dominance of smaller cells (Jiirgens ef al. 1994 b and Perimutter and Meyer, 1991).

5.5.2. Bacterial biomass

Bacterial cell biomass values have been expressed using a variety of terms, (mean
diameter, cell volume, dry mass, weight of C/cell, etc). In this study, the dry weight has
been adopted for expressing bacterial biomass, to be consistent with the other chapters.

The result of this study revealed that there was difference in the overall mean cell dry
weight between the marine site (1.35 pg) and that of the freshwater site (0.76 pg)
(P<0.0001) and between filter sizes (P<0.0001). This may be attributed to the difference in
the percentage of organic carbon present in the sediments between sites. This explanation
was supported by Aller and Stupakoff (1996) who reported that high bacterial biomass on
the Amazon shelf is possible, due to the rapid response time of bacteria to disturbance and
organic-matter inputs. Moreover, the three parameters (cell size, abundance and the
calculated biomass) were significantly related to elevated nutrient concentrations (Cole ef

al. 1993).
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Further support for the role of the richness of nutrients on bacterial biomass was given by
Letarte and Pinel-Alloul (1991), who suggested that reduced cell dimensions are an
adaptive mechanism of bacteria under starvation, increasing the cell surface: volume ratio
(allowing a higher substrate incorporation rate per unit of biomass) and protection from
zooplankton grazing (Wiebe, 1984).

Schwinghamer (1981) reported that vanation of bacterial biomass in marine sediments
including deep sea ocean areas is likely to exhibit less than two orders of magnitude. This
is confirmed by the current study, where the variation between freshwater and marine sites
in total bacterial biomass was less than two orders of magnitude within the same filter size.
He added that bacterial biomass peaked in the 0.5 to 1 um equivalent spherical diameter
(ESD). Although, the current study did not account for size class bigger than 0.8 um, it
seems that the size 0.8 um (where ESD was 1.04 and 1.37 in freshwater and marine sites,
respectively) has the highest biomass value. This may be due to the presence of a
significant portion of bacterial carbon stored in large cells (Weinbauer and Hofle, 1998).
Despite this clear influence of organic carbon, salinity and conductivity may influence both

bacterial abundance and biomass.

5.5.3. ATP analysis

The results of ATP analysis revealed that a small cell size tends to be inactive, the degree
of activity decreasing from 0.8 um till it became zero on the 0.2 um filter size. This result
was supported by Pernthaler ez al. (1996), Posch et al. (1997) who reported that small cells
are frequently less active than medium-size cells although they did not specify the size
range involved. Azam and Hodson (1977) in their study on seawater samples, reported that
there was insignificant activity in the 0.1, 0.2, or 0.4 pum filterable organisms, while about
70% of the activity was due to those in the size range of 0.4 — 0.6 um. This is in agreement
with the current study where no activity was detectable in 0.2 um sized filters in both sites.

The amounts of ATP obtained in this study (13.47, 15.89 ng L' and 18.83, 23 17 ng L' in
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freshwater and marine sites in 0.4 and 0.8 um filter sizes respectively) were less than 1
order of magnitude than that estimated in Azam and Hodson (1977) (113 ng / liter) in 0.6
pm filtrates. This may be due to lower activity possibly due to bacterial dormancy in the
current study where ATP test depends on the physiological state of the population (Watson
etal 1977).

The method of extracting ATP in this study from the filter might explain tow levels of ATP
detected. Two explanations might explain this difference. Firstly, the presence of the filter
during extraction may either reduce the extractability of ATP or retain ATP by adsorption.
Secondly, there may be a change in the cellular ATP level owing to the additional
manipulation of bacteria on the filter (Bulleid, 1978).

Another possibility for the low levels of ATP in this study is the fact that analysis of ATP
in sediments has proved more difficult owing to mobilization of anions and cations, which
can interfere with the bioluminescent reaction (Aledort et al. 1966). The presence of
significant difference between the study sites may be due to what has been found in the
current study in terms of that the mean cell volume, total abundance and total biomass were

higher in the marine site than those of the freshwater site.

5.6. Summary

1. Cylindrical and spherical bacterial cells dominated populations in freshwater and

marine site.

2. The marine site was significantly higher than the freshwater site in terms of abundance,
mean ESD, mean cell size, total biomass and ATP.

3. Al filter sizes were significantly different 0.8 > 0.4 > 0.2 um in terms of mean ESD,
mean and total biomass, except for total abundance where there was no difference

between 0.2 and 0.4 um and for ATP where there was no difference between 0.4 and

0.8 um.
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CHAPTER 6

A Comparison of Standardised Benthic Biomass Size Spectra
Across A Salinity Gradient Using Artificial Substrata




6-A comparison of standardised benthic biomass size spectra
across a salinity gradient using artificial substrata

6.1. Introduction

The effect of sediment granulometry on benthic biomass size spectra is unclear at present.
Schwinghamer (1981) was the first to suggest that sediment grain size was an important
factor that underpinned the modality of BBSS. However, Duplisea and Drgas (1999)
showed that benthic biomass size spectra from sites with different grain size were not
bimodal or significantly different. Similarly, Drgas et al (1998) stated that, regardless of
the differences in the granulomtery of sites in the shallow coastal area of the Gulf of
Gdansk (Southern Baltic Sea), benthic biomass spectra of all stations conformed to a
common pattern and could be represented by a single, averaged spectrum.

One approach to assessing the influence of sediment granulometry on benthic communities
(including their size structure) is to use a standard artificial substrata across sites with a
range of different substrata types and then to compare the community colonosing these
substrata with those from the “natural” environment. This chapter extends the study of size
spectra across a salinity gradient presented in chapter 4 by assessing both abundance and

btomass size spectra in the same sites using artificial substrata.

6.2. Aims

The main aim of this chapter is to compare the benthic size spectra in artificial substrata
with those in the natural sediments at the sites representing a range of salinities and heavy

metal contamination.

6.3. Materials and methods

The experimental design and sample processing is recorded in chapter 2 and 3. The

sampling units used were plastic pan scourers, that have a network of interstices
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resembling sponges/algal tufts that have been used previously in studies of biodiversity
(Gee and Warwick 1996). Five replicate pan scourers were used at each site in the same
season one year after collection of the sediment samples (see table 2.1 in chapter 2). Due to
the long time period required to process the standard corer samples for estimating
abundance and measuring organisms for 12 sieve sizes (see chapter 3) it was assumed that
there was no difference in the standard corer samples over a year for the same sites and the
same season (summer). The artificial substratum units (ASU) were positioned in spring
1997 and collected in summer 1997 allowing three months for colonisation. In the marine
and lower estuarine sites in the Yealm they were deployed by SCUBA divers, whilst in the
other sites in the Yealm and the Fal, the ASUs were placed and collected by accessing
these sites as for the normal sediment sampling by the standard corer. Collection of the
ASUs was performed by detaching them from the brick by a sharp cutter, transferring them
as soon as possible into plastic pots, and fixing by adding 10 % formalin. The fauna was
then extracted from these artificial substrata by unravelling and agitating the pan scourers
and was sieved using a set of twelve sieves, (see chapter 3). Meiofauna were extracted
from any sediment that may have accumulated in these artificial substrata by floatation in
Ludox™ made up to a specific gravity of 1.15 (see chapter 3). Organisms were then stored
in 70% alcohol.

Analysis of variance and multiple range tests were used to compare relative abundance and
relative biomass separately between corer samples and artificial substrata samples within
the study sites. Abundance and biomass values were standardised to % of total to allow
comparison, (especially they were generated from two different samplers) and log (N+1)
transformed to normalise their distribution. Relative abundance and relative biomass data
were tested for normality visually using residuals plots to confirm homogeneity of
variance. For biomass size spectra, only freshwater and middle estuary sites were studied,
as there were no conversion factors (mean major taxon biomasses) from total abundance to

total biomass in upper and lower estuary sites in the Yealm. The middle estuary site in the
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Fal was omitted from analysis due to a lack of replicates. This was due to their loss during

the colonisation period.

6.4. Results

Analysis of variance and multiple range tests revealed that there was no significant
difference between relative abundance in artificial substrata and the natural substratum in
the freshwater or upper and middle estuarine sites in the Yealm system and the upper
estuary site in the Fal. However, relative abundance in artificial substrata was significantly
lower than that in the sediment in the lower estuarine site in the Yealm and higher in
artificial substrata than that of the sediment in the lower estuary site in the Fal (P<0.05)
(Figure é.l, 6.2) appendix (6.1 and 6.2).

Analysis of variance and multiple range tests for relative biomass data revealed that there
was no significant effect of substratum type on the biomass size spectra in the freshwater
and middle estuarine sites in Yealm (Figure 6.3). However, relative biomass size spectra in
artificial substrata were generally significantly different than those of the natural
substratum in the case of the upper and lower estuarine site in the Fal (P<0.05) (Figure 6.4)
appendices (6.3 and 6.4). The significant difference in the upper estuary site in the Fal
might be due to the disappearance of the two largest size classes (2000 and 1400 pm mesh
sizes) as well as the apparent low relative biomass values in the small meiofaunal
categories in the natural substratum. In the lower estuary site, the difference probably as a

result of the biomass peak in the size class 355 um.
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6.5. Discussion

There were no significant differences in the relative abundance in artificial substrata and
that of the natural substrata in freshwater, upper, and middle estuary sites in the Yealm and
upper estuary site in the Fal. However, relative abundance in lower estuary sites in both
systems (Yealm and Fal) in artificial substrata were significantly different from those of
the natural substrata i.e., relative abundance in artificial substrata in the Yealm was lower
that that of the natural substratum and the opposite was the case in the lower estuary in the
Fal. In terms of relative biomass, there were no significant differences in artificial substrata
and those of the natural substratum in the Yealm. However, in the Fal relative biomass in
artificial substrata were generally significantly higher that those of the natural substrata.
The consistency in the lower estuary sites in both systems where significant differences in
relative abundance between artificial and in natural substrata occurred may be due to two
factors. Lower relative abundance in artificial substrata in the Yealm compared with that of
natural substrata could be as a result of the way divers collected and handled the samples
under the water, i.e. organisms had the chance to escape from the artificial substrata units
through the big or wide cavities (interstices) within artificial substrata. In the lower estuary
site in the Fal, the situation was the opposite with relative abundance in artificial substrata
significantly higher than that of the natural substrata. This may be due to differences in the
sampling methodology in lower estuarine sites between systems (i.e., diving and land
sampling). The high relative abundance in artificial substrata compared with the natural
substratum in the lower estuary site in the Fal may reflect the movement of benthic
organisms away from highly toxic natural sediments.

For the other sites (freshwater, upper and middle estuary in the Yealm), where there were
no significant differences in the relative abundance in artificial substrata and natural
substratum, this may be due to conditions of sampling which were nearly the same. In
other words, the possibility of organisms to escape was minimum due to the absence of

both the extra mechanical work (which was done under water in case of lower estuary site
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in the Yealm to untie the pan scourers) and the water interference, which probably enabled
organisms to escape. Beside this, high toxicity in the upper estuary site in the Fal might be
an indirect reason for the similarity between relative abundance in artificial substrata and
that of the natural substratum despite the absence of two size classes (2000 & 1400 pm)
from that of the natural substratum. The high toxicity levels detected in the sediment of the
upper estuary site in the Fal (see chapter 2) compared with those of the other sites, might
have influenced the water sediment interface area, reducing relative abundance in the
artificial substrata to be similar to that of the natural substratum.

The possibility of artificial substrata being filled with the natural substratum may be
another explanation for the lack of difference in relative abundance in upper estuary in both
artificial and natural substratum in the Fal. This similarity may highlight the
responsiveness of organisms to the sediments within scourers rather than scourers
themselves.

Relative biomass size spectra in artificial substrata were not significantly different from
those in the sediment in freshwater and middle estuary sites respectively in the Yealm.
Conversely, in the Fal, biomass was significantly higher in artificial compared with natural
substrata. This could be attributed firstly to the influence of contamination with high
toxicity levels leading to a migration of the benthos to less-polluted substrates.

The results of the current study support those from other studies that have demonstrated a
lack of influence of sediment granulometry on benthic size spectra. For example,
Rodriguez and Magnan (1993) indicated that macrobenthic size spectra were invariant
regardless the differences in the substrata. Bourassa and Morin (1995) showed that
abundance size distribution was similar on all substrates. Drgas et al (1998) pointed out
that benthic biomass size spectra in the shallow coastal area of the Gulf of Gdansk
(Southern Baltic Sea) conformed to a common pattern and could be represented by a
single, averaged spectrum regardless of the differences in the granulometry of the study

sites. More recently, Duplisea and Drgas (1999) stated that benthic biomass size spectra
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from different grained sized sites were not bimodal; furthermore, the shape of the spectra
was not consistently different. The pattern of benthic biomass size spectra was described as
an irregular increase of biomass with increasing body size peaking near the ultimate weight
class. This suggests that the benthic community in aquatic system may not have evolved
into three distinct size fractions as suggested by Schwinghamer (1981).

The results of the current chapter may illustrate that the sediment granulometry has no
structuring effect on the benthic size spectra. Moreover, variability in benthic size spectra
is not as simple as to be interpreted by the variability in the sediment granulometry.

One of the most important results in the current chapter is that ASUs provide modelling
size spectra to that obtained from the natural substrata. Therefore, ASUs are valuable and
very useful in benthic size spectra studies especially in the freshwater, upper and middle

estuary sites.
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CHAPTER 7

The Influence of Heavy Metal Concentration
on Benthic Size Spectra



7.The influence of heavy metal contamination on benthic size

spectra.

7.1. Introduction

Studying the impact of contamination on the abundance and/or biomass of benthic
organisms has been a popular method for biomonitoring of contamination in aquatic
systems. For example, Raffaelli and Mason (1981) and Raffaelli (1982) considered the
ratio of the benthic free living nematodes to copepods as an organic pollution indicator.
Similarly, Warwick (1986) and Warwick et al (1987) developed the ABC (Abundance
Biomass Comparison) method for pollution detection using marine macrobenthos,
suggesting that the distribution of the numbers of individuals among species should behave
differently from the distribution of biomass among species when influenced by pollution-
induced disturbance. The majority of benthic size spectra (BSS), however, have shown a
characteristic and conservative pattern over a wide range of highly fluctuating
environmental conditions, e.g. Strayer (1986) for freshwater, Ramsay et a/ (1997) for
freshwater and brackish water, Warwick (1984), Duplisea (1998) and Drgas ef al (1998)
for marine. This consistency suggests that BSS might provide a reference against which
environmental impacts can be gauged.

Schwinghamer (1988) pioneer'ed the use of benthic biomass size spectra for biomonitoring
in a study of the impact of mixture of diesel oil and copper contamination at the head of
Frierfjord/Langesundfjord (Norway). The main conclusion from his study was that the
pollution-induced changes in communities were equally well detected using benthic
biomass size spectra as in the more time consuming analyses involving species
identification. However, his method had some limitations. For example, only nematodes
and harpacticoid copepods were measured in the meiofaunal field samples which may have

resulted in biomass underestimation in the size classes where organisms other than
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nematodes and harpacticoids were significant. Schwinghamer (1988) also suggested that
benthic biomass size spectra became increasingly ‘bumpy’ with increasing sediment
pollution i.e. biomass trends from size class to another were less consistent for polluted
sites than they were for the control basin.

More recently, Duplisea and Hargrave (1996) studied the meiofaunal biomass and
respiration size structure in response to sediment organic enrichment near a salmon
aquaculture farm in Bliss Harbour, Bay of Fundy, Canada. They concluded that biomass
size spectra were not significantly different between sites, despite a decrease in taxon
diversity with increasing sediment organic enrichment. The single largest contributor to
biomass.and respiration in this case was the small nematodes, particularly at the most
polluted sites.

In terms of heavy metal contamination, Stark (1998a) stated that the patterns of
macrobenthic assemblage distribution and abundance in two Sydney estuaries, Australia,
were found to vary significantly at several spatial scales which were related to the
significant differences in the heavy metals concentrations in the sediments, concluding that
there was a significant correlation between patterns of assemblages and concentrations of
heavy metals. Similarly, Stark (1998b) showed experimentally that assemblages of marine
benthic organisms differed in areas with or without heavy metals contamination.

Therefore, if benthic biomass size spectra are consistent across different sites in both the
current study and in other studies (see earlier), they might provide a valuable method for

biomonitoring through the probable different sensitivities of large and small bodied

organisms.
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7.2. Aims

The main aim of this chapter is to assess the impact of heavy metal contamination on the
shape of benthic biomass size spectra across a salinity gradient within the polluted Fal
estuary by making a comparison with the benthic biomass size spectra across a salinity

gradient in an uncontaminated system (the Yealm).

7.3. Materials and methods

Details of the sample sites, sample collection and processing are given in chapter 2. The
methodology used for the uncontaminated Yealm system was adopted for the contaminated
Fal system. This included the generation of site-specific mean values for individual major
taxon biomass in each sieve from the measured mean major taxon biomass by multiple
regression analysis as in (chapter 3) as a conversion factor from abundance to biomass.

In terms of comparison between the Fal study sites, log transformed ESD and biomass
values for each sieve in the Fal study sites were compared using multifactor analyses of
variance for: 1) all organisms (total), 2) different shapes of organisms; 3) major taxa; and
4) body dimensions (body length and width). Tests for normality were conducted visually
using residuals plots to confirm homogeneity of variance prior to ANOVA. This was to
support the usage of multiple regression analysis for deriving site-specific biomass values
as the Yealm study sites were significantly different in terms of biomass (mean sieve, mean
shape, mean major taxon and organisms body dimensions).

Multifactor analysis of variance of the log transformed total abundance and total biomass
was used for comparing the Fal study sites.

Multifactor analysis of variance was used for comparing the log transformed ESD values
among the sieve sizes and the study sites of Yealm and Fal systems. Finally, log
transformed abundance and biomass values were compared among sieves, sites and
seasons within and between the two systems (Yealm and Fal) using multifactor analysis of

variance. Comparisons between the two systems (Yealm and Fal) in terms of biomass,
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were achieved only between freshwater and middle estuary sites as these were the only

measured sites in Yealm equivalent to sites in the Fal.

7.4. Results

Results will deal firstly with the Fal system alone and secondly compare the two systems

(Fal, contaminated and Yealm, control).

7.4.1. Fal system

7.4.1.1. Mean ESD, biomass comparisons among sites and sieves

Multifactor analysis of variance (ANOVA) of log transformed values of ESD and biomass
per sieve for the Fal system for all four measurement parameters (i.e. all organisms (total),
different shaped organisms, major taxa, and body dimensions) revealed significant
differences among the study sites (P<0.0001) and sieves (P<0.0001) (Table 7.1), with the
exception of mean copepod ESD and oligochaeta body length which were not significantly
different among sites (P>0.05).

Due to the significant differences in the ESD and biomass among the study sites of Fal
system, multiple regression analysis (see chapter 3 for the same case in Yealm system) was
used to predict the mean major taxon biomass from the measured values for each site to be

used as a conversion factor from abundance to biomass (Table 7.2).

7.4.1.2. Abundance size spectra

In the Fal system, there were no significant differences in abundance between lower,
middle and upper estuarine sites but abundances at these sites were significantly higher
than that of the freshwater site (P<0.05) (see appendices 7.37, 7.38), (Figure 7.1) regardless
of season. There was no significant difference between seasons (summer and autumn)
(P=0.864) (see appendix 7.39). Hence data were pooled for Figure (7.1). Benthic

abundance size spectra in the Fal showed a general pattern among seasons and

135



Table 7.1. (F) values for the ANOVA in the Fal system; for testing ESD and biomass
values for four different levels, Total (all organisms within the sieve), Shape (cylinder
or the other shapes pooled), Taxonomy (mean ESD and mean biomass for individual
major taxa) and Biology (organisms body dimensions), P values are represented by

stars (*<0.05, **<0.001 & ***<0.0001).

Factor site Df| sieves | Df|Appendix number

Total ESD 56.55*** | 3]527.66*** |11 7.1
Biomass 63.01*** | 3|527.66*** |11 7.2

S |CYlESD 46.97*** | 31447.85*** |11 73
: Cyl biomass 20.68*** | 3|144*** 11 74
p {Others ESD 7.21** 3]259.49*** | 9 75
©  |Others Biomass 8.80*** | 3]|259.49*** | 9 7.6
T |Nematoda ESD 36.39%** | 3|225.35*** 6 7.7
a Nematoda Biomass 42.06%** | 3|225.35%** 6 7.8
x |Copepod ESD 1.78] 3]92.57*** 4 7.9
o |Copepod Biomass 2.86* 3|92.57%** 4 7.10
n Oligochaeta ESD 5.69* 3(90.18%** 7 7.11
o Oligochaeta biomass |6.53** 3]90.18*** 7 7.12
m  |Polychaetra ESD 21.63*%** | 2|13.49%** 6 7.13
y Polychaeta Biomass  [23.48*** | 2|13.49*** 6 7.14
Nematoda length 12.51%** | 3|449.67*** | 6 7.15

B INematoda width 24.82%** | 3]12826*** | 6 7.16
' |Copepod length 22.22%** | 3]155.98*** | 4 7.17
(l’ Copepod width 3.89* 3[12435*** | 4 7.18
o Oligochaeta length 031| 3]|110.49*** 7 7.19
Oligochaeta width 3.33* 3|47.57%%* 7 7.20

5 Polychaetra length 65.48*%** | 2{74.08*** 6 7.21
Polychaeta width 6.46* 2|20.84%** 6 7.22
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sites of decreasing abundance with increasing organism size. However, this pattern showed
some deviations, such as the abrupt increase in abundance in the 45 pum sieve size in the
freshwater site in summer. Moreover, there was a complete absence of organisms in some
sieve sizes in some sites (e.g. 2000, 1400 um in case of freshwater and upper estuary sites).
Similarly, organisms were completely absent in the 2000 pum sieve size in the middle
estuary site in both study seasons (summer and autumn). Additionally, during Autumn
there was a trough in the sieve size 500 pm, where macrofaunal categories in the different
sites in the Fal systems started to increase (Figures 7.2, 7.3).

Nematodes, copepods, and to a lesser degree oligochaetes dominated meiofaunal size
classes (Figure 7.4). Oligochaetes and polychaetes were the main representatives of the
macrofauna, although the latter was present in the larger meiofaunal categories, especially

at the three estuary sites (Figure 7.4).

7.4.1.3. Biomass size spectra

Multifactor analysis of variance of log transformed biomass of all Fal sites (freshwater,
upper, middle and lower estuary) revealed that the biomass at upper and lower estuarine
sites were not significantly different, but were significantly higher (P<0.05) than those of
the middle estuarine and freshwater site. Biomass of the middle estuary site was also
significantly higher than that of the freshwater site (P<0.05). Additionally, there was no
significant difference in biomass between seasons (i.e. summer and autumn) (P=0.98) (see
appendices 7.40, 7.41).

Some sites showed high values of abundance and biomass in some sieve sizes, for example

the upper estuary site revealed highest values from 710 pum to 180 pm in summer and in

the size classes 45 pm to 180 um in autumn (Figures 7.5 & 7.6).
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7.4.2. Comparison of Fal and Yealm systems

7.4.2.1. Mean ESD comparison between the two systems

Multiple factor analysis of variance and multiple range tests for the log transformed mean
sieve ESD values in Yealm and Fal sites revealed significant differences between sites in
the Fal (P<0.05) (i.e. ESD values of the different sites in Fal were in the following
sequence, upper estuary < freshwater site < middle estuary < lower estuary). Moreover,
ESD values of the Yealm system were significantly higher than those of the upper estuary,
freshwater or middle estuary site in the Fal system, but smaller than that of the lower
estuary site in the Fal (P<0.05) (see appendices 7.42, 7.43). However, the interaction plot
of the log transformed ESD for sieve sizes and the sites (Figure 7.7) revealed that the ESD
values in the lower estuary site in the Fal system were the highest along the size range 250-
2000 um. Similarly, ESD values of the middle estuary and the freshwater sites in the same
system had a similar pattern, with highest ESD values in the size range 500-1000 pm and
355-1000 um, respectively. These differences between the two systems, in terms of among
sieve ESD differences could be attributed to the differences in the organisms body
dimensions (length & width) among sites of the two systems. Table 7.3 gives an example
for two sites (freshwater and middle estuarine site). Due to these differences between
systems, separate ESD values for each system were used as the x-axis to plot the biomas;\;

size spectra.

7.4.2.2, Abundance size spectra
Log transformed abundance values were significantly different between sieves, sites and
seasons (P<0.0001, P<0.0001 and P=0.049, respectively) and there was also a significant

interaction among these factors (P<0.0001) (see appendix 7.44).
Abundances in all sites of the Yealm system were significantly higher than those of the

equivalent (in terms of salinity) sites in the Fal system (P<0.05) (Figures 7.8) (see

143






Table 7.3. Differences in organisms body lengths and widths (in cm) affecting the ESD values between Yealm and Fal resulting in an increase in the

Fal's ESD valugs.
YEALM SYSTEM FAL SYSTEM
Freshwater site Middle estuary site Freshwater site Middle estuary site
Sieve size (um) [ Taxa B.length |B.width |Mean ESD |B.length |B.width |Mean ESD |B.length |B.width [Mean ESD B.length [B.width [Mean ESD

QOligochaeta 0.52 0.02 0.56 1.02 0.02 0.93 0.70 0.03 0.85
Tricladida 0.27 0.07 127 0.45 0.09 1.69

1000 Chironomid 0.43 0.03 1.07
Mysides 0.26 0.04 1.24
Mollusca 0.23 0.20 1.90
Chironomid 0.33 0.03 0.86 0.41 0.03 1.04

710 QOligochaeta 0.44 0.02 0.51 0.72 0.02 0.69 0.88 0.03 0.99 0.77 0.03 1.05
Collembolla 0.16 0.03 0.56
Polychacta 0.57 0.02 0.67 0.53 0.04 1.08
Qligochaeta 0.32 0,01 0.43 0.56 0.02 0.61 0.50 0.03 0.76 0.58 0.02 0.68
Chironomid 0.24 0.02 0.65

500 Mollusca 0.13 0.10 1.01
Nematoda 0.30 0.01 0.27
Polychaeta 0.35 0.01 0.46 0.54 0.04 0.99
Ampipoda 0.21 0.03 0.97
Oligochacta 0.22 0.01 0.33 0.30 0.02 0.54 0.27 0.02 0.55 0.17 0.02 041

355 Chironomid 0.21 0.02 0.59
Nematoda 0.31 0.00 0.18 0.22 0.01 0.24 0.17 0.01 0.19
Copepoda 0.10 0.03 0.40 0.07 0.03 0.45
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appendix 7.45). Differences between seasons were less significant (P=0.049), although
abundances were higher in both systems in autumn, except in upper estuary and freshwater
sites in the Yealm and the freshwater site in the Fal (see appendix 7.46).

One major difference between the Fal and the Yealm was the absence (from the Fal) of
large macrofauna in the freshwater and upper estuary sites (1400 and 2000 um) and middle
estuary site (2000 pum) in both seasons (summer and autumn).

Benthic abundance size spectra in the Fal (contaminated system) showed a similar shape as
for the Yealm of decreasing abundance with increasing organism size, but there were large,
significant differences in abundance across sieves in most sites. For example, in the case of
the middle estuary site in both systems, macrofaunal and meiofaunal abundances were
higher in the Yealm, with a similar pattern in the freshwater and upper estuary sites in
summer. In contrast, meiofaunal abundance in the Fal in freshwater and upper estuary sites
was higher or equal to the equivalent sites in the Yealm. Moreover, lower estuary
macrofaunal abundance in the Yealm was higher than that of the lower estuary in the Fal,
but for meiofaunal abundance the two sites were fairly similar in both systems.

Abundance size spectra within the Fal system showed different patterns within the different
size classes. For example, in the summer freshwater samples, the high recorded abundance
in the 45 um size class was due to high numbers of Rotifers. Also, the upper estuary
showed higher abundance in the size classes 710-250 um in the same season compared

with those of the other sites, whilst, there was a trough in the size class 500 um in all sites

in autumn except the upper estuary site (Figure 7.2, 7.3).

7.4.2.3. Biomass size spectra

Comparison of the equivalent sites (i.e. freshwater and middle estuary sites) in both
systems using multifactor analysis of variance on log transformed biomass data revealed
that biomass values at the Fal sites were significantly lower than those of Yealm sites,

except for the meiofaunal category in Yealm freshwater site in autumn and the 45 um size
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category at the same site in summer (Figure 7.9). Moreover, middle estuary biomass was
significantly higher than that of freshwater site in both systems (P<0.05) (see appendices
7.47, 7.48).

Seasonal variability among the equivalent sites in both systems in terms of biomass was
not consistent. For example, despite the clear difference between summer and autumn
biomasses (i.e. summer biomass being higher), the difference was more pronounced at
freshwater sites than in middle estuary sites within both systems (Figure 7.10).

The detected difference in behaviour of abundance size spectra for some size classes in Fal
as reported in section 7.4.2.2 was apparent in the benthic biomass size spectra. The
differences between the study sites in the two systems (Yealm & Fal) could be confirmed
by the results of the normalized biomass size spectra (Figures 7.11, 7.12). For example, the
slopes of the normalized biomass size spectra in the contaminated system (Fal) were not
consistent within the same site or between the different sites, when compared with that of
the clean system (Yealm) (Table 7.4). The values of the correlation coefficient (R?) in the
contaminated system were small. Therefore, the slopes can not be relied on. This probably
reveals that the normalized biomass size spectra have broken down, as a result of

environmental stresses or heavy metal contamination.
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Table 7.4 Slopes, intercepts and R? values of the normalized benthic biomass size spectra
in Yealm and Fal systems in both autumn and summer.

fw-freshwater site, ue-upper estuary, me-middle estuary, le-lower estuary

and ma-marine site. (* denotes not significant). Ch-4, appendix number in Chapter 4

Fal system (contaminated) Yealm system (clean)
Season fw ue me le fw me ma
Slope summer | -0.49 -0.30 -0.56 -0.07 -0.39 -0.58 -0.40
autumn | -0.15 -0.70 -0.32 -0.01 -0.12 -0.54 -0.42
summer| 6.55 7.96 6.27 8.92 8.98 10.54 939
Intercept
autumn 7.16 6.78 7.14 9.69 6.59 10.33 9.62
3 summer | 0.69 0.14 0.69 0.02 0.68 0.77 0.72
R autumn | 007 | 084 | 081 | 000 | 008 | 070 | 081
summer | 0.0027 [ 0.2750 | 0.0015 | 0.6330 | 0.0009 | 0.0001 0.0005
Pvalue = umn| 0.4573 | 0.0002 | 0.0001 | 0.9568 | 0.3688*| 0.0007 | 0.0001
Appendix No. summer | 7.49 7.51 7.53 7.55 |43 ch-4|4.7ch-4| 4.11 ch-4
autumn| 7.50 7.52 7.54 7.56 |4.4ch-4|48ch-4|4.12ch-4

154



7.5. Discussion

7.5.1 The Fal

The significant differences in the mean ESD values and consequently the mean biomass for
the different organismal measures might be explained by three complementary scenarios.
The first is that differences in organisms body dimensions (length and width), (which
might be an output of the presence of different hosts of species within the different sites),
resulted in differences in the ESD values. The second is that contamination might have a
significant effect on the organisms body dimensions, for example, amphipods (Themisto
Iibellulq) in the Greenland Sea experienced exponential relationships between Cd, Pb, Cu
and Ni concentrations and their body length, while for Zn no length dependency was noted
(Ritterhoff and Zauke, 1997). The later scenario may explain the higher ESD values in the
lower estuary site in the Fal, due to the significant presence of amphipods in this site
relative. to that of the other sites. Unfortunately, species level identification was not
possible in the current study, but would allow better understanding of the mechanisms
controlling organismal size in benthic communities. The third scenario might be related to
the different availability of food among the study sites, resulting in differences in the
organism body dimensions, mean ESD or biomass. For example mean individual nematode
body weights has been shown to be significantly smaller at an oligotrophic site compared
with a site of higher trophic status in the Northeast Atlantic (Vanreusel et al., 1995).

The low abundances at the freshwater site in the Fal may be attributed to two main factors:
Low numbers of nematodes, which are an important constituent of the meiofauna. Or the
complete absence of polychaetes from the freshwater site compared with other sites in the
Fal. Also, the lower abundance detected in autumn may be due to the higher Pb
concentrations relative to that of the other sites in the same season.

Food supply may also have a significant influence on benthic densities (DeBovee et al,,

1996). Which might explain the low abundances in the freshwater site in the Fal where the
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percentage of organic carbon was lowest. This suggests that the variability of abundance
size spectra is not simply a function of heavy metal concentration and that factors such as
organic carbon may alter the tolerance of the benthos towards heavy metal toxicity.

The higher biomass in the upper estuary site in both seasons (summer and autumn) appears
to be due to the responses of different components of the biota. In summer, the biomass
increase was mainly due to polychaeta in the size range 180-710 um, but in autumn,
increases in copepods and nematodes in the size range 45-250 um significantly increased
total biomass in this site comparative to the other sites. The higher biomass in the lower
estuary site in both seasons, was mainly due to the presence of polychaetes in the 2000 um
size class.

The detected vanability of benthic biomass size spectra modes in the Fal across seasons
(for example, 250 um sieve size in upper estuary site had a clear mode of biomass in
summer while in autumn, the 45-180 um size category in the same site had the highest
meiofaunal biomass across the system, are in agreement with the findings of other workers
(Schwinghamer, 1988; Duplisea and Hargrave, 1996). such variations may be a result of
differential responses of the different size classes to heavy metal contamination (i.e.
complete absence of certain macrofaunal size classes). This highlights the importance of
such sensitive size classes organism as potentially important tools for monitoring

programs.

7.5.2 Comparison of the Fal and the Yealm

The clear difference in metal concentrations between the Fal and Yealm was reflected in
abundance and biomass spectra. However, the variability in biomass spectra among the
contaminated sites support the findings of Schwinghamer (1988) and Duplisea and
Hargrave (1996) in that there is no clear correlation between the distance from the
contamination source and the biomass size spectra response.

Abundance size spectra in the Fal were generally lower than those of the equivalent sites
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tn terms of salinity in the Yealm. The high variability of abundance size spectra in the Fal
compared with that of Yealm may be due to the fact that macrofaunal size categories were
generally lower in the Fal than those in the Yealm (Figure 7.8). This may be due to the
high sensitivity of macrofauna to contamination compared with that of meiofauna
(Josefson and Widbom (1988), for hypoxia, Somerfield er a/ (1995) for metals and
dredging disposal; Duplisea and Hargrave, (1996) for sediment organic enrichment and
Schwinghamer (1988) for diesel oil and copper pollution). However, other studies
highlighted the importance of meiofauna as a sensitive indicator of pollution (Moore and
Bett, 1989).

Despite the fact that, meiofaunal abundance and biomass were similar in the Fal and the
Yealm, these parameters did vary within the same site, especially in upper and middle
estuary sites. This may be due to seasonal variability in heavy metal concentrations. For
example, in upper estuary site in the Fal, Cu concentrations were the highest in autumn
while Zn was the highest in summer. Also, in the middle estuary site in the Fal, Cu and Zn
concentrations were higher in autumn relative to summer, which was characterised by
higher Pb concentration. Hence, meiofauna may respond differently to different types of
heavy metals. Alternatively, variability of meiofauna might be a result of hydrodynamic
disturbance (Aller and Stupakoff 1996), which may explain the lower meiofaunal
abundance in the Yealm freshwater site in autumn,

The significantly lower abundance recorded in all sites of the contaminated system (Fal)
compared with the reference system (Yealm), concur with the other studies which
investigated the response of the benthos to contamination. For example, Fabrikant (1984)
reported that the population density of the clam Parvilucina tenuisculpta decreased
dramatically when organic nitrogen concentration increased to critical level. Similarly,
Grassle et al (1980) pointed out a highly significant reduction in macrofaunal and
meiofaunal abundances in experimental tanks contaminated with oil compared with

controls. The same result was reported by Scullion and Edwards (1980) who reported a
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pronounced faunal abundance reduction in the reaches silted by ferric hydroxide or coal in
a small river in the South Wales coalfield.

Benthic biomass size spectra, whether absolute or standardized as percentage of total in
each size class, were an inverted mirror of the abundance size spectra (Ramsay ef a/ 1997).
The relative consistency of the shape of meiofaunal biomass spectra may be due to the
meiofaunal higher rate of tolerance compared with that of macrofauna (see above). The
lowest meiofaunal biomass spectra in freshwater in both the Yealm and the Fal in autumn
compared with those of the other sites and seasons may be as a result of lower meiofaunal
abundance. While in summer, probably only contamination effects exist resulting in lower
biomass in the Fal compared with that of the Yealm in freshwater site.

Seasonal shifts in macrofaunal biomass switch in the middle estuary site in the Fal (Figure
7.9), may resulted from the presence of polychaeta and oligochaeta in the macrofaunal
categories in autumn while in summer oligochaeta were relatively low (Figure 7.4)
resulting in general decline in the macrofaunal size categories. Whilst in the same site in
the Yealm, oligochaeta and polychaeta were consistently present in all macrofaunal
categories. This heads to thé same suggestion, which is benthos respond differently to the
different types and concentrations of heavy metals, where Cu and Zn concentrations were
higher in autumn and Pb was higher in summer in the same site.

The inconsistency of the slopes of the normalised biomass size spectra alongside the low
values of the correlation coefficient (R?), both within and among contaminated sites in the
current study, indicates that environmental stresses (contamination, in the current chapter
and hydrodynamic forces in autumn and winter especially in freshwater and estuarine sites,
in chapter 4) may result in the breaking down of the normalised BBSS. This suggests that
the normalised size spectra should be used as an early warning of stresses. These findings
support those of Sprules and Munawar (1986) who highlighted the importance of
normalised size spectra as a stress monitor. Moreover, absolute benthic biomass size

spectra or standardised as percentage of total can be used as a sensitive contamination
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predictor.

7.6. Conclusion

1
a)

b)

2)

b)

Comparison within the Fal

Both mean ESD and mean biomass per sieve were significantly different among the Fal
study sites on four different levels: 1) all organisms; 2) different shaped organisms; 3)
major taxa, and 4) body dimensions (length and width).

There were no significant differences in abundance size spectra among lower, middle
and upper estuarine sites but the latter sites were significantly higher than that of
freshwater site.

Bio'n-lass size spectra of upper and lower estuarine sites in Fal were not significantly
different, but higher than that of the middle estuary which in turn was significantly
higher than that of the freshwater site. No significant difference was detected between
the two studied seasons.

Comparison between the Yealm and Fal

ESD values of the Yealm sites were significantly lower than that of the Fal lower
estuary site but higher than those of the other Fal sites.

Abundances in all sites of the Fal system were significantly lower than those of the
equivalent (in terms of salinity) sites in the Yealm system (P<0.0001).

Biomass of all Yealm study sites were significantly higher than those of the Fal system
except the freshwater site in Yealm in autumn which might be attributed to the

hydrodynamic stress in that season.
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CHAPTER 8

General Discussion and Conclusion



8. General discussion and conclusion

The main objectives of this thesis were, firstly, to investigate the seasonal vaniability in
benthic size spectra (BSS) across a full salinity gradient (i.e. from freshwater to marine)
within the same system. In a second study, size spectra in artificial substrata were assessed
in order to investigate the role of sediment grain size on the shape of BSS. Thirdly, the
microbial (bacterial) size distribution in freshwater and marine sites of the same system
were investigated. Finally, the influence of metal contamination on benthic size spectra
patterns was assessed. This chapter reviews the temporal and spatial patterns in metazoan
and micrqbial benthic size spectra and discusses the potential importance of benthic size
spectra as a contamination biomonitor. Further, technical developments in benthic size

spectra construction are suggested that could save time and effort.

8.1 Variation in benthic size spectra between highly contrasting sites

Despite the high variability between sites in the River Yealm in terms of their salinity and
organismal evolutionary history, metazoan and microbial benthic size spectra showed a
conservative pattern between sites. There was no tendency to bimodality in biomass size
spectra (chapter 4). Although the size range studied for the microbial realm was narrow,
the shape of the detected spectra was conservative (chapter 5) with increasing biomass and
decreasing abundance with increasing size. Previous studies of metazoan size spectra have
shown considerable variability among sites in benthic size spectra. This variability was
obvious even between microhabitats in the same site (Table 8.1). This high variability of
benthic size spectra among different studies may be due to the differences in the
methodologies used. The adoption of a consistent methodology in this thesis should have

resuited in a more robust view of inter site variation,
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Table 8.1 some examples for the variability in benthic size spectra.

Reference Site Benthic size spectra shape
Strayer (1986) Freshwater Unimodal
Ramsay et al. (1997) Freshwater Unimodal
Poffer al. (1993) Freshwater Bimodal
Ramsay et al. (1997) Upper estuary Unimodal
Schwinghamer (1981, 1985) Marine Trimodal including microbenthos.
Warwick (1984) Marine Bimodal for species size distribution.
Duplisea and Drgas (1999) Marine Unimodal
Drgas et al (1998) Marine Unimodal

This consistency of BBSS was extremely interesting considering the differences in the
communities sampled. Moreover, fundamental differences in the organismal evolutionary
history did not influence the pattern of biomass size distribution. It has been suggested
previously that macrobenthic organisms in marine systems have different life histories
compared with those in freshwater sites, which might be reflected in size spectra. Marine
macrofaunal organisms have a planktonic larval stage corresponding in size to the biomass
trough between macrobenthos and meiobenthos (Warwick, 1986). The lack of planktonic
larval stages in freshwater, macrofaunal organisms ifﬁplies that the shape of size spectra
here might be very different to those in marine systems (Strayer, 1991). No such
differences were found in this study.

It might also be predicted that the emergence of adult insects from freshwater systems
might influence the shape of BBSS seasonally, especially in the macrofaunal category, as
the larval stages of aquatic insects switch from an aquatic to terrestrial mode of life (Poff es
al. 1993). However, no such influence was evident in the current study where BBSS were

consistent in all the study sites (freshwater, estuary and marine) throughout the year.
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Other authors have highlighted the role of sediment grain size as a limiting factor for the
shape of benthic biomass size spectra in both freshwater (Poff e a/. 1993) and marine sites
(Schwinghamer, 1981, 1985). This point of view is unlikely to explain the variability of
biomass size spectra in this thesis, where biomass spectra in both artificial substrata and the
natural substratum in most sites were not significantly different. Additionally, some
authors like Poff et al. (1993) have found unimodal spectra in some of their study sites,
despite the general overall bimodal spectra detected in sites of different grain size.
Moreover, Duplisea and Drgas, (1999) reported a unimodal biomass size spectra in the
Baltic Sea regardless of differences in the median grain size among their study sites.
According to Schwinghamer (1981, 1985) the three biomass modes in size spectra
correspond to micro-, meio- and macrobenthos and their response to the structure of natural
sediments. Biomass spectra might therefore be predicted to be different in natural substrata
from those in artificial substrata where interstices are of a consistent size. However, the
similarities of BBSS in artificial substrata and natural substrata in this thesis (chapter 6)
may indicate that sediment grain size has no major effect on the shape of biomass size
spectra.

These findings suggest that other factors may influence the biomass spectra shape, for
example, different site-specific biomass inputs from microorganisms (bacterial biomass) to
the higher trophic levels. BBSS were higher in the marine site than those in the freshwater
site in both microbial and metazoan size categories (chapters 4 and 5), which may be
linked to the higher organic carbon levels available to marine microbes. This organic
carbon will be available to the higher trophic levels through the food chain, resulting in the
detected biomass increase in the marine site compared with the freshwater site. This may
highlight the more sensitivity of microbial (bacterial) organisms to organic carbon than that
of the metazoan organisms (chapters 4 and 5) and that role of microbes as a mediator

between organic carbon and the higher trophic levels.
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8.2 Are benthic size spectra useful for contamination monitoring?

Many studies have investigated the effects of contamination on benthic organisms,
including macrofauna (Warwick, 1986; Warwick er a/. 1987) and meiofauna (Warwick et
al. 1988; Somerfield er al. 1994; Moore and Bett. 1989). Some of these studies for
macrofauna led to the productton of an index (ABC index), which was suggested as being
possible contamination biomonitor. Other studies (Raffaelli and Mason, 1981; Raffaelli,
1982; Raffaelli, 1987 and Lambshead, 1984) highlighted another index, which used
meiofauna and the ratio of Nematode abundance to Copepod abundance (N/C). Despite the
importance of such indices in terms of their simplicity, they focus on only one component
of the benthic community. The adoption of an approach like abundance or biomass size
fractionation may provide a more reliable biomonitoring tool, as it includes all benthic
metazoans and, potentially, microorganisms.

Comparison of benthic size spectra between a relatively clean and metal-contaminated
system (chapter 7) offered a realistic indication of contamination effects. The observed
effects were quantitative, in the form of lower abundance and consequently lower biomass
in the contaminated sites, and qualitative in terms of a lack of consistency in the slope of
normalised size spectra both within the contaminated (Fal) system sites and between the
contaminated (Fal system) sites and the clean (Yealm system) sites. Such quantitative and
qualitative effects could be used as indicators of contamination. This study also revealed
that macrofauna were more sensitive to metal contamination compared with meiofauna;
and there was consistency in meiofaunal biomass between sites. These findings support the
conclusion of other workers. For example, Grassle et al. (1980), Scullion and Edwards
(1980) and Fabrikant (1984) all showed lower overall abundance and biomass in
contaminated sites. Moreover, Josefson and Widbom (1988), Somerfield er al. (1995),
Schwinghamer (1988) and Duplisea and Hargrave (1996) found that macrofauna were
more sensitive than meiofauna to contamination. Acquiring such information in a single

study using a size spectra approach adds to the credits of this approach as a biomonitor.
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Although there is a shortage of studies dealing with benthic size spectra as a biomonitor
(but see Schwinghamer (1988) for macro-, meio- and microbenthos, and Duplisea and
Hargrave (1996) for meiofauna), this approach seems promising as a contamination
biomonitor. This study demonstrated clear responses of benthic size spectra to
contamination (chapter 7). The coverage of all benthic components (from microorganisms
to macrofauna) in one approach (size spectra) might evaluate the response of each of these
components to environmental and contamination stresses on both a temporal and spatial
basis. Additionally, as a non-taxonomic approach BBSS have an advantage in that no
taxonomic expertise is required, which could save considerable time in training and sample
processipg. The sensitivity of some size classes in size spectra also allows the identification
of size classes of organisms that might be suitable for further research as sensitive

components of the benthic community.

8.3 Further technical developments

In the current study, multiple regression analysis was used to derive site-specific mean
major taxon biomasses from measured values (chapter 3). These predicted values were
found to be the best conversion factors from total abundance to total biomass (chapter 3).
Ramsay ef al. (1997) found that there was no significant difference in the size of organisms
between their study sites, which may be due to the relative similarity of these sites to each
other in terms of their salinity and geographical location. They used the mean sieve
biomass as a conversion factor from total abundance to total biomass. However, in this
thesis, more sites with a greater variability, especially in salinity, were included (chapter
2). This might explain the significant differences detected in the site-specific mean sieve
biomass, which were in disagreement with Ramsay e/ al. (1997) (chapter 3). However,
site-specific mean sieve biomass could be used as a conversion factor in the same season,
where the organisms were measured (summer in this thesis) but, if a study is to be
performed on a seasonal basis, site-specific mean major taxon biomass should be used as a

conversion factor from total abundance to total biomass. This may be due to the seasonal
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variation of the community structure in terms of both the major taxa and species make up,
which may influence the organismal distribution in the different sieve sizes. Therefore, to
develop this technique further, measuring representative organisms from each site in each
season to produce site-specific mean major taxon biomasses as conversion factors, may
improve biomass size spectra construction. This will, however, make the process of BBSS
construction more time consuming.

The possibility of using abundance size spectra instead of biomass size spectra would save
time and effort but may be justified considering the similar response of both abundance and
biomass, with abundance size spectra a mirror image of biomass size spectra (chapters
4,5,6,7).

The microbiological techniques employed in this thesis (chapter 5) allowed the qualitative
and quantitative estimation of bacteria and the estimation of ATP in different size
components of the "micro" community. Microorganism cell measurements could be
automated by using an automoving stage in an epiflourescent microscope attached to the
image analysis unit. This method i1s currently used to measure the darkness of the stained
blood cells, so may increase the accuracy of slide scanning. However, the application of
this method would need some caution, so that detrital or non-organismal bodies were not
included in calculations.

More research is needed to incorporate other microbial and Protozoan organisms to
enhance understanding of their importance in the community.

Macrofaunal and meiofaunal biomass calculation and construction might also be automated
by generating an index of the mean major taxon biomass for the different habitats
(freshwater, estuary and marine) from different geographical regions on a seasonal basis.
These overall mean biomass values could be directly inputted to computer programs e.g.
Excel, to speed up the process.

Finally, further research is needed to focus on factors other than sediment grain size that

might influence benthic size spectra. Trophic influences might be particularly important.
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For example, high predation pressure on a specific size class or size range might result in a

biomass trough. Alternatively, differences in primary productivity due to microbenthic

algae might also alter the shape of size spectra and bioturbation might also affect certain

size components of the benthic community.

8.4 Further research

Within the framework of this thesis, important information has been generated which

might be used as a base line for further research in developing this new size fractionation

approach to benthic studies. Further work includes:

1.

Inclusion of all microbial sized organisms (including algae) in BBSS construction to
checl;: for the microbenthic-meiobenthic biomass gap founded in previous studies
(Schwinghamer, 1981, 1985).

Generating a mean major taxon biomass index, which might automate the process of
biomass calculation and construction.

BBSS comparison of sites at a range of spatial scales.

Testing BBSS (including microbial category) sensitivity to pollutants other than metals
(e.g. oil, organic pollution, and eutrophication).

Assessing the utility of active microbial size classes for solving environmental

problems (i.e. biodegradation of contaminants).
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8.5 Conclusion

1. Metazoan size spectra

The shapes of benthic size spectra were remarkably similar between sites of contrasting
salinity and in all seasons except in winter. Moreover, sediment grain size has no major
influence on the shape of benthic size spectra. Generally, abundance decreased and
biomass increased with increasing body size and there was no evidence for modality in
spectra.

Accurate estimates of abundance are necessary as abundance size spectra are a mirror
image of the biomass size spectra and underpin their shape.

Site-specific mean major taxon biomass was the most reliable conversion factor from total
abundance to total biomass. If a seasonal study of biomass size spectra is to be achieved
using the same technique, site-specific mean major taxon biomass in one season (when
organisms were abundant) would need to be calculated, or representative organisms from
each site in each season measured and mean major taxon biomass values used as a
conversion factors.

2. Microbial size spectra

Bacterial size spectra might be more sensitive than those for metazoa to organic carbon.
This may be indirectly recognised by the possible link of Bacterial biomass to metazoan
biomass in terms of higher metazoan biomass in sites characterised by higher bacterial
biomass. Active microbial size classes (ATP levels) could be used in the activity needed
processes like, biodegradation etc.

3. Size spectra as a biomonitor

Benthic biomass and normalised biomass size spectra are useful, sensitive, nontaxonomic
and universal tool for comparing community structures as well as contamination
biomonitoring. This could be achieved through quantitative and qualitative comparison of
both BBSS and normalised size spectra. Inconsistency and reduction of BBSS and the

slope of its normalised spectra are a good monitor for contamination.
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APPENDICES



Appendix 2.1 Concentration of ¢cleven heavy metals in all sites of the Yealm and Fal systems as ng/g. FW-freshwater, UE-upper estuary,
ME-middle estuary, LE-lower estuary and MA-marine sites.

Site Season _ |System |Cupg/g [Popp/s |Cdpp/p |Znpg/p |Crpg/g |Mnug/g |Feup/s |Nipg/p |Mgug/e |Copg/g |Alpug/p

FW winter Yealm 49437 45.157 1.815| 148.662 15.766] 406.707| 27347.57] 116.806| 4233.232 16.741] 25434.77
UE winter Yealm 27.375 43.039 1.435] 118.062 12.667] 469.528] 28688.5 31.732| 4229.727 14.405] 16149.14
ME winter Ycalm 49.062 77.852 2,671 157.842 28.167] 415.054| 31056.72 38.674| 11158.55 16.532] 30124.36
LE winter Yealm 19.43] 32.928 2,916] 71.335] 22321] 292.178| 23365.25] 34.159| 8846.622 13.724] 21213.3
MA winter Yealm 7.33 28.88 1.114 39.577 6.035 213.79] 2149.891 20.099] 5634.946 8.703] 6758.962
FW spring Yealm 24.941 31.132 1.023] 108.923 12.842] 550.599] 23983.5 27.934] 3625.141 14.376] 16316.64
UE spring, Yealm 27.435] 136.613 0.832] 116.936 16.397| 341.997] 24629.54] 30.592| 6420.803 14.66] 15789.28
ME spring Yealm 29.775 50.914 3.239] 263.557 20.812] 5233.581] 53142.27] 100.045| 5863.477] 147.771| 21363.48
LE spring Yealm 12.465 27.676 2.622 59.309 16.2| 236.545| 16896.59 27.355 6013.9 11.748] 15343.05
MA spring Yealm 8.014 24.766 1.714 34.952 9.559] 179.202] 9932.485 17.162| 6834.846 7.241] 7920.971
FW summer Yealm 24.97 41.894 1.316[f 118.372 17.81| 393.088] 24448.42 28.613] 4167.982 12,422] 13804.34
UE sumner Yealm 37.942 87.279 1.683 146.82 18.595] 346.214] 26685.93 28.851| 4846.991 15.021] 24773.59
ME summer Yealm 46.3 69.68 2.137| 151.233 26.95] 268.962| 28163.47] 33.553| 9166.553 13.329] 25627.8
LE summer Yealm 9.63 26.834 2.971 77.953 14.754] 307.159{ 17665.04 29.112]| 7643.133 11.858] 11740.22
MA summer Yealm 8.886] 32.706 3.659] 57.721 19.29] 373.556] 19952.14 31.81| 9277.977] 13.914| 15356.38
FW autumn Yealm 25.054 27.812 1.469] 119.832 14.641| 428.085| 27672.88 28.56| 5566.347 13.197]| 13474.53
UE autumn Yealm 234731  29.707 1.391]  92.764] 19.253] 292.222| 23439.08 24] 6328.57| 10.813| 10742.74
ME autumn Yealm 52,921 72.895 2474 154.974 26.553] 272.842] 30484.13 33.158| 8967.158 13.5 30041
LE autumn Yealm 14.559 38.798 4.419 73.534 21,123] 375.153] 22435.56 32.489] 7804.25 15.887| 18324.94
MA autumn Yealm 15.923|  35.339 2,915 80,82 19.585| 348.718] 20267.68] 29.052| 9324.292 11.707| 21919.25
FW autumn Fal 676.928] 493.566 2.079] 205.013 10.467| 371.573} 48375.53 12.892] 1790.31 13.041| 10583.79
UE autumn Fal 2813.552 247.49 5.241] 2965.567 28.012| 572.631] 57150.58 43.733] 8203.056 31.407] 48195.75
ME autumn Fal 1924.695] 267.683 4.522] 2946.011 22.18] 433.079] 43570.93 36.026] 7191.819 25.178] 34982.52
LE autumn Fal 559.263 67.446 2.181] 941.434 17.311] 796.448] 40102.34 40.737] 8702.113 17.941| 16837.05
FwW summer Fal 1065.131] 148.164 5.386] 824.731 17.978] 554.209] 42084.38 23.888] 3332.087 16.657| 15881.51
UE summer Fal 2526.75] 243.892 5.118| 3491.545] 26.722| 547.902] 50349.28] 40.069] 9723.73] 28.277| 30112.88
ME summer Fal 1767.277] - 217.907 4.789] 2269.949 27.543 542.28| 45373.9 39.607] 9182.718 27.172) 30635.83
LE summer Fal 1485.103] 151.449 2.908] 1341.035 14.673] 935.537] 41794.58 24.895] 4506.352 19.214] 14514.45
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Appendix 3.1 Multiple regression analysis for predicting mean Nematode biomass in the three
study sites in the Yealm system. fiv-freshwater, me-middle estuary and ma-marine sites.

ultiple Reqrozaion Analvais

ICONSTANT -18.6393 0.3312428 -56.0685 0.0000
loa{size s3izo) 2.0767% 0.0677514 10.6523 0.0000

ource Sun of Squares af HMean Sguarae Ratio pP-Value
odel 46.5383 1 46.5381 939.56 0.0000
esidual 0.581104 15 0.0495318

[Tetal (Corr.) 47.2794 20 .

-squared = $8.0179 percent

-squared {adjusted for d.f,) = 97.9135 percent
tandard Error of BEat. = 0,.222557

ean absolute error = 0.181196

rbin-Watson statistic = 2.34588

[The equation of the fitted nodel is
log{fepatod bjomasy) e -18,6393 + 2.07674*}oqialze aize)

Appendix 3.2 Multiple regression annlys-is for predicting mean Copepod biomass in the three
study sites in the Yealm system. fw-freshwater, me-middle estuary and ma-marine sites.

Multiple Reqression Analysis

[Paramoter

JCONSTANT -18.7963 0.614158 -30.605 0.0000
loa({sieve aize} 2.377718 0.116205 20.462 0.0000
[slte Yoalm="fw" -0.200455 9.163571 -1.2225 0.2432
site Yoalm="me" 0.552123 0.163571 3.3672 0.0051

odel 32.143 3 10.7114 1498.32 6.0000
esjdual 0.93087 13 0.0722207

otal {(Corr.} 33.0732 16

~squared = 97.1612 percent

-squared (adiusted for d.f.)} = 96.5061 porcent
tandard Error of Eat. = 0.2608739

ean absolute error = 0.158885

rbin-Watson statistic = 2.44662

he equation of the fitted model is

og{Copepoda biommss) = -18.7963 + 2.37779*loa(sieve size) -
0,200455¢sito Yealn="fw" + 0.552]23¢site Yoaln="mo"

Appendix 3.3 Multiple regression analysis for predicting mean Oligochaeta biomass in the
three study sites in the Yealm system. fiv-freshwater, me-middle estuary and ma-marine sites.

Multiple Reqresaion Analvsis

Standard
[Paraneter Estinate Error Statistic P-value
ICONSTANT -14.6687 0.401072 -36.57317 ¢.0000
loa{aiove sizo) 1.70691 0.0659622 25.877 0.0000
ite Yealmw™fw" -0,755792 0.1608 -4.7002 0.0001
j7ite Yealo="pe™ 0.261367 0.169539 1.58164 0.1374

ource Sun of Scquares bf Meoan Square F-Ratio P-vValue
odel 79.5478 3 26.6493 266.07 0.0009
esidual 2.20345 22 0.100159

[Tcal (Corr.) 82.1512 25

-squared = 97.3178 percent

-sguared (edfusted for d.f.) = 96.952 perceat
tandard Error of Est. = 0.316479%

ean absoclute error = 0.22182

rbin-Watson statistic = 1.69062

he equation of the fitted model is

og{Cliqochaeta bimmass) = -14.6687 + 1.70691*loa(sjieve size} -
355792 3ito Yealp="fu" + 0. 26)367°ajto Yealne“mo™
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Appendix 3.4 Multiple regression analysis for predicting mean Hydracarina biomass in
fw-freshwater and ma-marine sites in the Yealm system.

Hultinle Reqression Analvsia

Standard T
Parazeler Eastinate Error Statistie P-Value
CONSTANT -20.5904 1.29181 -15.9377 0.0001
qu(:ieve size) 2.6257% 0.251917 10.3397 0.0005

ource Sun of Squares Df Mean Square F-Ratlo P«Value
odel 7.6913) 1 27.69133 106.91 0.0005%
esidual 0.267768 4 0.0719421
[Txal (Corr.) 7.9791 5

-aquared = 96.3935 percent
=squared (adjusted for d.f.) = $5.4918 parcent
tandard Error of Est. = 0.26822

Mean absolute error = 0.21605%%

Durbin-Warson statistlc = 1.55312

IThe equation of the fitted model is
loq(Hydracagina blonass) = -20,50904 + 2.62575<)oq({sieve ajza)

Appendix 3.5 Multiple regression analysis for predicting mean Ostracoda biomass in the
three study sites in the Yealm system. fw-freshwater, me-middle estuary and ma-marine sites.

Multiple Rearession Analvsis

Standard
Parezeter Estinate Error Statiatlc P-Value
[CONSTANT -23.7019 0.855172 -24.898 ©¢.0000
tog({asfleve size) 3.40813 0.100206 18.9125 0.0000

ource 5un of Squares Df Moan Square F-Ratio P-Value
odel 75.0208 1 75.0208 3157.68 0.0000
esidual 2.51691 12 0.209742

[Tewal {Corr.} 17.5377 13

-squared = 96.754 percent

~squared {adjusted for d.f.) = 96.4815 percent
tandard Error of Eat. = 0.457976

ean absolute error = 0.317029

rbin-Watson statistic = 2.07034

he equation of the fitted nodel is

(slova size)

Appendix 3.6 Multiple regression analysis for predicting mean Polychaeta biomass in
me-middle estuary and ma-marine sites in the Yealm system.

Multiple Rearession Analysis

;:;:;;ont variable: 1aq(Polvch;;;; biu:a;;; ----------------------------------
----------------------- _-Etandnrd TTTTTmEmmTTTTT

[Parazetar Estipate Brror Statistic P-Value

fosstanr Te.oses  1.12000 T2z 0.0000
Nog{sieve Size) 3 0.182864 12.66 0.0000

Analvslas of Varlence

kourea Sun of Sauares  Df Moen Sauare  F-Ratio p-value

odal T les.1s3 1 105.153  160.43 0.0000

osidual 11.7982 18 0.65545)

el (Corr.) 116.951 19

-squared = 69,9119 percont

-squared {adiusted for d.f.} = B%.3151Q percent
tandard Error of Hat. = ¢.B05601

gan absolute error = 0.4489084

rbin-Watson statistic = 1,85508

he equation of the fitted nodel i3

6l6¢log(ajave Size)

chaeta biomass) = -18,0585 +
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Appendix 3.7 Multiple regression analysis for predicting mean Amphipoda biomass in
me-middle estuary and ma-marine sites in the Yealm system.

Multiple Reqression Analvysis

Standard
Parazeter Estinate Error Statistic P-value
ICONSTANT -21.%177 1.84853 -11.6404 0.0001
Nlogisieve size) 3.028219 0.285575 10. 5805 0.0001
site Yealp="ce® 1.76719 0.598759% 2.55142 0.0316

todal 70.5574 2 35.2787 67.45 0.0002
esidual 2.61516 S 0.523072

otal {(Corr.}) 73.1728 7

-squared = 96.425B percent

~squared {(adiusted for d.f.) = 98.9961 percent
tandard Error of Est. = 0.723237

ean abasolute error = 0.454908

rbin-Watson statistic = 1.50282

he equation of the fitted model i
nphi

a biocmass) = -21.5177 + 3.02435"loq(aieve ajze}) + }1.767]19%aite Yealmn="ne™

Appendix 3.8 Multiple regression analysis for predicting mean Tricladida biomass in
fw-freshwater site in the Yealm system.

Multiple Rearession Analvais

Standard T
Paraneter Esticate Srror Statistic P-Value
JCONSTANT -14.9503 3.1147 -4.81275 0.1304
log{sieve size) 1.99601 0.478407 4.1722 0.1498

ource Sun of Squarces Df Mean Square F-Aatio p-value
ode 1 9.664332 1 §.64332 17.41 0.1498
esidual 0.553904 1 0.553584
[Total (Corr.} 10.1973 2

~-squared = 94.5673 percent

-squared {ediusted for d.f.) = 85.1347 porcent
tandard Error of BEst. = 0.744301

ean absolute error = 0.37771%5

urbin-Wataon statistic = 2.73837

he equation of the fitted model is

Log(Tricladida bjonasa) = -14.9903 + 1, 9960}*log{ajeve slze)

Appendix 3.9 Multiple regression analysis for predicting mean Nemertea biomass in

ma-marine site in the Yealm system.
Multiple Rearesslon Analyals

Standard T
[Parazeter Estinate Error Statistic P-Value
JCONSTANT -13.697% 1.51348 -9.050) 0.03120
Log(sieve size) 1.55693 0.2499%21 6.23768 0.02380

ource Sum of Squaros Df Meoan Sguare F-Ratio P-Value
odel 1.46645 1 1.46645 38.91 0.0248
asidual 0.0753761 2 0.0376896

ocal (Corr.) 1.54183 3

R-squared = 95.1111 percent

-squared {adiusted for d.f.) = 92.6666 parcent
tandard Error of Est. = 0.164138

ean absolute eorror = 0.117193

urbin-Watson statistic = 1.27968

he oquation of the fitted model is

og(Neperten hiomass) » -13.6975 « 1,55893loqg(aieve sizo)




Appendix 3.10 Multiple regression analysis for predicting mean Bivalve biomass in

fw-freshwater and ma-marine sites in the Yealm system,
Multinle Recression Analysis

Dependent varieble: logi{Bivalve biomass)

Standard T
[Parazeter Estimnate Error Statistic P-value
JCONSTANT -22.7654 2.23713 -10.175% 0.0005
lloa(sieve size) 3.225%07 0.325349 9.9096 0.0006

ource Sun of Squares Of Mean Square F-Ratio P-Valuo
ode 1 23.271712 1 23.2172 98.20 0.0006
esjdual 0.948152 4 0.237038

ctal (Corr.) 24.2253 5

-aquared (ediusted for d.f.} = 95.1076 percent
tandard Error of Est. = 0.486866

Mean absolute error = 0.316165

Durbin-Watson statistic = 2.23476

E-sauared = 96.0861 parcent

[The equation of the fitted medel is

foq(Pivalve bionans) = -22 7654 + 3.22507+)loqisjeve siza)

Appendix 3.11 Multiple regression analysis for predicting mean Coleoptera larvae biomass in
fw-freshwater site in the Yealm system.

Multipla Reqression Analysis

Standard
Peraneter Bstinate Error Statistic P-Value
ICONSTANT -16.4393 1.26273 -13.0189 0.0000
llog(sieve size) 2.21185% 0.213576 10.3563 0.0001

ource Sun of Squares pf Mean Square F-Ratio P-Valua
odal 16.3601 1 16.34601 107.25 0.0001
esidual 0.762684 5 0.152537

al (Corr.} 17.1227 6

-squared = 95.5458 percent
-squared (adjusted for d.f.) = 94.6549 percent
tandard Error of Bst. = 0.39056
ean absolute orror = 0.266459
rbin-Hatson statiscic = 2.86554

{aieve aize)

Appendix 3.12 Multiple regression analysis for predicting mean Coleoptera adult biomass in
fw-freshwater site in the Yealm system.

Multiple Regression Analvais

Standard
?arano:or Estinate Error Statistic P-Value
COHSTAHT -5.03067 4.3705 -1.15105 0.4554
loa(sieve size) 0.858792 0.621 1.38252 0.3988

Sum of Sguares Df Mean Sguare F-Ratio pP-value
Eodel 0.410628 1 0.410628 1.91 0.3986
osidual 0.214712 1 0.214712
Total (Corr.) 0.625339 2

-squared = 65.6646 porcent

~squared (adiusted for d.f.) = 31.3285 percent
tandard Brror of Bst. = 0.46337

ean absolute error = 0.247541

urbin-Watson statistic = 2,52638

he equation of the fitted model is

= -5 03067 + 0. 8587 (sieve size)
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Appendix 3.13 Multiple regression analysis for predicting mean Cladocera biomass in
fw-freshwater site in the Yealm sysiem.

Multiple Rearession Analvais

Standard
[Paraszeter Esticate Erzor Stacistie F-Value
[CONSTANT -1%,.7017 1.83241 -10.7518 ¢.008s
log(sieva siza) 2.5169% 0.357633 7.03%67 0.019§
b e r e e ccmemem e mmmmm e e mm e e e e e mm e mm e e emmmmmmeeec— e ——————]
Analvsis of Varlance
ource Sun of Squares Df Mean Squara F-Ratio P-Value|
odel 6.58083 1 6.50093 49.53 0.0156
esidual 0.265738 2 0.1328669
Tctal (Corr.) 6.84657 3

R-squared = $6.1187 percent
-aquarod (adjusted for d.f.) = 94_178 percent
tandard Error of Bst. = 0_364512
oan absclute error = 0.25339%
rbin-Watson statist{c = 1.97339

he equation of the fitted nodel is

{sjove sjzo)

Appendix 3.14 Multiple regression analysis for predicting mean Chironomid biomass in
fw-freshwater site in the Yealm system.

Multiple Rogression Analysis

Deperdent variable: log(Chircroaid blonass)

Standard T
Farameter Estimate BError Statistic P-Value
ICOUSTANT -18.9652 0.683806 -27.7348 0.0000
Noa{sieve aize) 2.45257 0.118419 20.711 0.0000

ource Sum of Squares Df Mean Square F-Ratio P-Value
odel 58.7445 1 58.7449 428.9¢ 0.0000
93idual 0.958664 7 0.136952

Teal (Corr.) 59.7035 g

~squared {adjusted for d.f.} = 98.1649 percent
tandard Brror of Bat. = ¢.37007

Moan absolute error = 0.25294

Durbin-Watscn statistic = 0.76469

E-:uuurod = 58.3943 percent

IThe oquation of the fitted nodol ia

log{Chirononid bionass) = -3B,09652 + 2 45257*loglsiova size)

Appendix 3.15 Multiple regression analysis for predicting mean Diptera larvae biomass in

fw-freshwater site in the Yealm system,
ultiple Reqression Analysis

Standard T
[Paraceter Estioate EBrror Statistic P-Value
[CONSTANT -168.1642 J.54405 -5.12526 0.0144
loa(aieve size) 2.53619 0.62464 4.06024 0.0269

ource Sun of Squares D Moan Sguare
odal 28.1874 1 28.1687%4
esidual 5.12946 3 1.70982
[Total (Corr.) 33.3168 4

-squared = B4.604 oercent

-savarod (adjusted for d.f.) = 79.472 peorcent
tandard Error of Est. = 1.3076

ean absolute error = 0.900997

rbin-Watsen statistie = 1.39191

he equation of tho fittod nmodel i3

{Diptera larvae biomass) = -1B. 1682 ¢+ 2_513619*]ogql{sjeve size)
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Appendix 3.16 Multiple regression analysis for predicting mean Plecoptera biomass in
fw-freshwater site in the Yealm system.

ultiole Reqression Analvais

Standard T
Parazeter Esticate Brror Statiscic P-Value
[CONSTANT -18.7314 4.1087 -4.556896 0.1375
loo{sieve size) 2.23%02 0.74220% 3.olen 0.2038

ource Sun of Saquares Df Moan Square F-Ratio P-Value
odel 1.15661 1 1.15661 9.10 0.2028
esidual 0.127052 1 0.127082

[Tecal (Corr.) 1.20837 2

-squared = 90.0956 percent

-sguared (ediusted for d.f.) = B80.199] percent
tandard Error of Eat. = 0.356495

ean abaolute error = 0.1%401%

rbin-Watson statistic = 2.99926

he equation of the fitted modol is

(sjeve ajze)

Appendix 3.17 Multiple regression analysis for predicting mean Gastropoda biomass in
fw-freshwater site in the Yealm system.

Multiple Raqrossion Analvais

Deperdent varlable: lca{Gastropcda bicmass)

Standard T
[Paraneter Estioato Error Statistic P~Value!
JCONSTANT -16.5023 1.03719 -18.803 0.0028
loa(sieve size) 2.48319 0.160182 15.5023 0.0031

ource Sun of Sguares Df Mean Square F-Ratioe P-Value
cdel 27.0281 1 27.020813 280.232 0.0041
@sidual 0.22453¢ 2 0.112467

[Tctal (Corr.) 27.2532 3

-squarod (adiusted for d.f.}) = 98.762 percent
tandard Error of Est. « 0.335361

Moan absolute error = 0.233677

Durbin-Watson statistic = 3.26592

E-:auarod = 99.1747 porcont

The equation of the fitted moxiel {9
Log {Gastropoda biomaas) = -19.5023 + 2.48313¢)log{sjove aizo}

Appendix 3.18 Multiple regression analysis for predicting mean Tardigrada biomass in
fw-freshwater site in the Yealm system.

Multiple Reqresaion Analvsis

Deperdent variablo: loa(Tardicreda bicmass)

Standard T
[Paraseter Estinate Error Statiatic P-Value
ICONSTANT -21.2551) 4.65%368 -4.52849 0.1384
log{siove size) 2.84178 1.12842 2.518B137 0.2406

ource Suns of Squares of Mean Square F=Ratie
odel 1.94055 1 1.94055% 6.34
esidual 0.305976 1 0.305576

[Tocal (Corr.) 2.24653 2

~squared = 86.3001 percoent

E-:qunud {adiusted for d.f.) = 72,7601 percent
tandard Error of Est. = 0.553151

[Mean absolute orreor = 0.301055

Durbin-Watson statistic = 2.595943

The equation of the fltted medel {a

log{Iardiqrada blonass) = -21,2553 + 2. 64178°logislave alze)
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Appendix 3.19 Multiple regression analysis for predicting mean Collembolla biomass in

fw-freshwater site in the Yealm system.
Multiple Rearcasion Analvsis

Dopondont variable: log(Collenbolla bionass)

Standard T
Parazeter Eatinate Error Statistic P-Value
KCONSTANT -15.0187 2.31154 ~6.45726 0.0972
logtsieve aize) 1.77507 0.426116 1.16569 0.1500

ource Sun of Squares Df Mean Square F-Ratio P-Value
odel 1.77807 1 1.27807 17.35 0.1500
¢sidual 0.102465 1 0.102465

[Ttal {Corr.) 1.88054 2

-aguared (adijusted for d.f.) = §9.1026 percent
tandard Error of Est. = 0.320102

jfean absolute error = 0.171157

Durbin-Watson statistic = 2.93071

E-sauared = 94.5513 percent

The equation of the fittod podel is

jlog{Collenbolla bionass) = -15.0187 + 1.77507°loca{ajave siza)

Appendix 3.20 Multiple regression analysis for predicting mean Diptera pupae biomass in

fw-freshwater site in the Yealm system.
ultiple Reqression Analysis

Standard T
[Par amoter Estinate Error Statistic P-value
[ICONSTANT =-6.75745 2.57037 -2.62898 0.2314
loa (sjeve size} 0.793105 0.37694 2.10455 0.2024

ource Sun of Squares Df Moan Square F-Ratio P-Value
odel 0.653944 1 0.653541 4.43 0.282¢
osidual 0.14764 1 0.14764

[Toral (Corr.) 0.6801584 2

-sguared = 81.5815 percent

-squared {adiusted for d.f.) = 63.1629 parcent
tandard Error of Est. = 0.20424

ean ebsolute error = 0.201129

urbin-Watson statistic = 2.8494%

he oquation of the fitted model i

omass) = -6,75745 + 0,753305*1og({sieve size)

Appendix 3.21 ANOVA table for Total (ESD).

alvsis of Variance for loa(moanesd) - Type ITI Sums of Squares

ource Sun of Squaras Df Mean Square F-Ratio pP-value
IN EFFECTS

A:siovaes 2855.84 11 259.622 1293.15% 0.0000

B:aites 6.40212 2 3.20106 15.92 0.0000

INTERACTIONS

AB 59.0535 22 2.68425 13.37 0.0000
ESIDUAL 1209.22 6023 0.200767

Appendix 3.22 ANOVA table for Total (Biomass).

Enulvsis of Variance for Loa(mean bionass} -~ Type Il Sumzs of Saquares

ource Sum of Squares Df Moan Sauare F-Ratio P-Value
MAIN EFFECTS

Azsieves 23533.2 il 21319.18 1239.1¢ 0.0000

B:aites 70.2532 2 35.1266 20.32 0.0000
INTERACTIONS

AB 520.401 22 23.6546 13.70 0.000¢
EESIDUAL 10236.8 5929 1.72656

QOTAL (CORRECTED) 41343.0 5664
JAll F-ratios are based on the residual moan aquarg arror.

177



Appendix 3.23 ANOVA table for shape (Cyl) (ESD).

alvals of variance for loa(peanesdCYL) - Tvype 11l Sums of Squares

ource Sun of Squares Df Mean Square F-Ratio P-Value
N EFFECTS
Arslevos 2430.0 Ll 226.909 1215.83 0.0000
Brsites 6.37968 2 3.l1e982 17.61 0. 0000,
INTERACTIONS
AB 59.4176 22 2.7008 18.91 0.0000
ESIDUAL 834.685 2609 0.181099
‘OTAL (CORRECTED) 4642
)l F-ratio= are based on the residual pean aguare error.
Appendix 3.24 ANOVA table for shape (Cyl) (Biomass).
alvals of Variance for log{meanbiomas=CYL) - Type IIl Sums of Squares
ource Sun of Squares Df Moan Squaro F-Ratio P-Value
1N EFFECTS
A:sieves 21870.0 11 1988.18 1219.83 0.0000
B:sites 6B.92% 2 34.462 21.14 0.0000
INTERACTIONS
AB 534.7%8 22 24.3072 14.91 0.0000
ESIDUAL 7512.16 4609 1.62989
OTAL (CORRECTED) 37757.9 4681

~gatios are basod on the residual moan square error,

Appendix 3.25 ANOVA table for shape (Others) (ESD).

alvsis of Variance for loa(esdothers)

- Type 111 Sums of Squares

F-Ratio P-Value

curce Sum of Squares Df Mean Square
FMAIN EFFECTS
A:3ioves 233.976 |} 46.7952 501.09 0.0000
B:sites B.43117 2 4.21558 45.14 0. 0000
INTERACTIONS
AB 2.623 10 0.2623 2.81 0.001%
ESIDUAL 117.57% 1259 0.0933872
OTAL (CORRECTED) 489.039 1276
AL} F-ratios are basad on the residual mean square error.
Appendix 3.26 ANOVA table for shape (Others) (Biomass).
alvsis of Varlance for log{bdomassothers) - Tvpe I1I Suns of Squares
Sum of Sguares Df Mean Square F-Ratio P-Value
2105.78 5 §21.157 501.09 0.0000
73.182¢ 2 36.5912 43.52% 0.0000
23.607 10 2.3607 2.681 0.001%
1050.17 1259 0.840485

Appendix 3.27 ANOVA table for Nematode (ESD).

alysis of Variance for log{nematodesd} - Tvpe 11l Sums of Squares

ource Sum of Squarea Df Mean Saueare F-Ratio P~Value
IN EFFECTS
A:aleves 199.719 5 39.94717 291.95 0.0000
B:sitas 0.499438 2 0.249719 1.83 0.18615
INTERACTIONS
3.8949¢6 10 0.389496 2.85 9.0016
ESIDUAL 301.163 2201 0.13682

Appendix 3.28 ANOVA table for Nematode (Biomass).

alysis of Variancoe for loa(ncnatodbionasas) - Tvoe 111 Sums of Squares

ource Sun of Sauares bf Mean Square F-Ratio P-Value
IN EFFECTS

Arsleves 1797.65 5 359.53 291.95 0.0000
B:sites 1.76663 2 0.883315 0.72 0.4882

INTERACTIQHNS

AB 35.0546 10 3.50546 2.85 0.0016

OTAL (CORRECTED)

1] F-ratios are basod on the residual mean aguare error.
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Appendix 3.29 ANOVA table for Copepod (ESD).

alvsis of Variance for loa{copenodesd) - Type 11l Suas of Squares

IN BEFFECTS

A:ajeves 48.37%2 L] 12.0938 161.5¢% 0.0000
B:aites 8.09979 2 §.0499 5¢.11 0.0000
INTERACTICKS

A3 2.61069 [} 0.326237 4.26 0.0000
ESIDUAL 15.0648 1003 0.07¢08403

'OTAL (CORRECTED) 211.244 1017

1l F-ratios are based on the residual mean sgquaré Orror.

Appendix 3.30 ANOVA table for Copepod (Biomass).

alysis of Variance for log(copepodbicmass) - Tvpe IlI Sums of Squares

ourco Sum of Squares Df Hean Square F-Ratic P-Value
IN EFFECTS
A:sieves 435,376 L] 108. 844 161.59% ¢.0000
B:zites 69.4418 2 34.720% 51.55 0.0000
INTERACTIGNS
A3 23.4962 ;] 2.93703 4.3¢ 0.0000
675.583 1003 0.673562

Appendix 3.31 ANOVA table for Oligochaeta (ESD).

Analysis of Variance for lealoligochaetassd)} - Typo 111 Sums of Squares

Source Sun of Squares Df Mean Square F=Ratio

MAIN EFFECTS

A:sleves 16.3245 [ 4.08113 36.19 0.0000
B:sites 7.01744 2 3.50872 31.1% 0.0000
INTERACTIONS

AB 1.94467 L] 0.243081 2.16 0.0296
ESIDUAL 55.4844 492 0.112773

OTAL (CORRECTED) 157.372 506

11 F-ratios are basaed on the residual mean square orror,

Appendix 3.32 ANOVA table for Oligochaeta (Biomass).

alysis of Variance for log{cligocactabionass) - Type IIl Suns of Squares

ource Sum of Squares Df Moan Square F-Ratio P-Value,
N BEFFECTS

A:siaeves 146.921 4 36.7302 36.19 0.09000

B:sites 66.691 2 33.345% 32.85% 0.0000

INTERACTIONS

AB 17.502 ] 2.1877% 2.16 0.0296

ESIDUAL 499,359 192 1.01496

Appendix 3.33 ANOVA table for Polychaeta (ESD).

alvsis of Variance for loa({polvchaota esd} - Type III Sums of Squares

A:aleves 192.175 21.3528 166.11 9.0000
B:aites 0.0528266 1 0.0524366 0.46 0.4967

INTERACTIONS
AB 6.03271 9 0.670304 5.91 0.0000

116.008 0.11351

Appendix 3.34 ANOVA table for Polychaeta (Biomass).

alysis of variance for log{polvchaeta bicnass) - Type IIl Sums of Squares

ource Sun of Sauaroa Df Moan Square F-Ratio P-Value
1N EFFECTS

A:sieves 1729.56 9 192.175 188.11 0.0000
B:aites 1.30972 1 1.30972 1.28 0.2%7%

INTERACTIONS

AB 54.2946 9 6.03274 5.91 0.0000,
ESIDUAL 10484.07 1022 1.02159

aguars Orror.
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Appendix 3.35 ANOVA table for Nematode (body length).

alysiz of Variance for momatodelength - Type III Sums of Scuares

curce Sun of Saquares Df Mean Sguare F-Ratio P-Value
H EFFECTS
A:sieves 2.398137 5 0.479673 457.08 0.0000
Bisites 0.0825401 2 0.0212%01 20.27 0.0000|
INTERACTIONS
0.08845915 10 0.004848915 4.62 0.0000
TDUAL 2.3097% 2201 0.00104543
OIAL (CORRECTED) 7.38228 2218

1l F-ratios are based on the residual pean square error.

Appendix 3.36 ANOVA table for Nematode (bedy width).

Ennlvs'u of Variance for nenatodewidth - Tvpe 111 Suns of Squeres

ouUrce Sun of Squaros 134 Moan Square F-Ratio P-Value
MAIN EFFECTS

A:steves 0.00121052 5 0.000243704 101.60 0.0000
B:sices 0.000115536 2 0.0000579679 24.64 ¢.0000
IHTERACTIONS

AR 0.000107722 10 0.0000107722 4.58 0.0000
JRESIDUAL 0.00517742 2201 0.000002352)

[TOTAL {CORRECTED) 0.0071031 2218

All F-ratios ero based on the reaidual mean square error.

Appendix 3.37 ANOVA table for Copepod (body length).

alysis of Variance for copepodlenagth - Type 111 Suns of Sguares

ource Sun of Squares Df Mean Square F-Ratio p-Value

Arsieves 0.126872 1 0.0317181 457.66 0.0000
B:sites 0.00520052 2 0.00460026 66,38 0.0000

0.00518555 8 0.000648194 9.35 0.0000
ESIDUAL 0.0695131 1002 0.0000693052

sSquare error.

ource Sua of Squares Df F-Ratio P-value|
MAIN EFFECTS

A:sieves 0.012524 4 0.00313099 200.79 0.0000

B:aitos 0.00276235 2 0.e01368118 88.57 0.0000
[INTERACTIONS

AB 0.00135408 ] 0.00016926 10.8%> 0.0000
[RESIDUAL 0.0156403 1003 0.0000155936

[TOTAL (CORRECTED) 0.0522215 1017

ALL Foratios nre based on the residual mean square error.

Appendix 3.39 ANOVA table for Oligochacta (body length).

alvysis of Variance for oligochaeta lenath - Type III Suma of Squares

ource Suz of Squares Df Moan Sguare F~Ratio P-Value
MAIN EFFECTS

A:sjeves 4.97864 4 1.24466 56.86 0.0000
B:sites 1.10072 2 0.5501362 25.14 0.0000
INTERACTIONS

AB 2.55555 ] 0.319444 14.59 0.0000
IEESIDUAL 10.765 452 0.0218881

ITOTAL (CORRBCTED) 48.3796 506

-ratios are based aon tho resjdual poan squars error.

Appendix 3.40 ANOVA table for Oligochaeta (body width).

alysis of Variance for oliecchasta width - Type III Suns of Sguares

A:steves 0.00119542 4 0.0002990858 7.91 0.0000
B:sites 0.001074S 2 06.000537251 14.22 0.0000

THTERACTIONS
AB 0.000557849 8 0.0000697311 1.85 0.0665
ESIDUAL 0.0185842 492 0.0000377727
OTAL (CORRECTED) 0.0295667 506

-zatios are based
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Appendix 3.41 ANOVA uable for Polychaeta (body length).

alvsis of Variance for polwhaota lonath - tvpe 1!l Sums of Sauares

RITCQ Sun of Squares Df Mean Square F-Ratio P-Value
IN EFFECTS

A:sfeves 50.9515 9 10.1057 157.71 0.09000
Braites 1.67576 1 1.87576 25.27 0.0000

INTERACTIONS

AB 6.58891 9 0.732101 11.42 0.0000
ESIDUAL 65.4891 1022 0.0640794

QTAL (CORRECTED) 199.960 1031

1l F-xratioa are based on the residual nean square error.

Appendix 3.42 ANOVA table for Polychaeta (body width).

alvaia of Varianco for polychacta width - Tvpo Il Suns of Squares

ource Sun of Sguares or Moan Square F-Ratio p-value
MMAIN EFFECTS

Arsieves 0.13827% 9 0.015362%9 39.44 0.0000
Brsites 0.00303712 1 0.00303712 7.80 0.0052
INTERACTIONS

Al 0.04452371 9 0.00494856 12.70 ¢.0000
,LrlESZD‘UAL 0.358161 1022 0.00038%959
[TOTAL (CORRECTED) 0.672198 1041
b e e e mmmsmmsesmmEE e EEEE AT m—m AL A AASAAASL———dsassascms
ALl F-ratios are based on the residual nmean square error.

Appendix 3.43 ANOVA table for testing differences between BBSS constructed from the
three conversion factors in the freshwater site in summer,

alvais of Variance for loalbicmass) - Typo 1II Suns of Squares

ource Sum of Squares Df Mean Square F-Ratio P-Value
In BFFECTS

A:afaves 995.266 11 90.4737 144.17 0.0000

B:levels 2.56431 2 1.29216 2.06 0.1314

HTERACTIONS

AR 5.22179 22 0.237354 0.38 0.9950

ESIDUAL 88.4912 141 0.627597

UATS8 error.

Appendix 3.44 ANOVA table for testing differences between BBSS constructed from the
three conversion factors in the middle estuary site in summer.

slvsis of Varlance for loa(bicoass) - Tvpe 11l Suns of Sguares

ource Sun of Squares

A:zsieves 976.972 86.8B156 384.53
B:levals 0.530009 2 0.265004 1.1% 0.2320%

INTERACTIONS
AB 1.70297 22 0.0774077 0.34 0.997%

BSIDUAL 33,2598 1443 0.2390971

AL® OIZOF,

Appendix 3.45 ANOVA wable for testing differences between BBSS constructed from the
three conversion factors in the marine site in summer.

IN EFFECTS
A:steves 837.576 11 76.1433 169.58 0.0000

B:levels 1.09%67 2 0.587337 1.22 0.2983

INTERACTIONS
AB 1.93499 22 0.0879539 0.20 1.0000

ESIDUAL 63.3099 0.44%006

OTAL (CORRECTED}

F-ratios nre hased on tha residun

MOAN SQUALS GLLOr,
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Appendix 3.46 ANOVA table for testing differences between BBSS constructed from the
three conversion factors in the freshwater, middle estuary and marine sites in summer.

alvsis of Variance for loqg(bicmass) - Type 111 Sums of Squares

ource Sun of Sguares of Hean Square F-Ratlo P-value
MMAIN EFFECTS

A:sleves 2650.97 11 240.998 554.76 0.0000
B:aites 367.032 2 183.516 422.40 0.0000
C:levels 3.62551 2 1.81296 4.117 0.0160
INTERACTIONS

AB 153.971 22 6.99B67 16.11 0.0000
AC 2.B31966 22 0.129075 0.30 0.9993
BC 0.604006 4 0.151002 0.135 0.8457
ABC 6.0637 44 0.137811 0.32 1.0000
ESIDUAL 185%.0861 426 0.3343415

QTAL (CORRECTED} 3354.58 5313

1} F-rarjos aras bazad on the rosidual moan squaro error.

Appendix 3.47 ANOVA table for testing differences between BBSS constructed from mean
sieve biomass as a conversion factor in the freshwater,middle estuary and marine sites in

summer.
alvais of Variance for logqibicnass) - Tvpe IIl! Sums of Squares

A:sleves 914.434 11 83.1304 230.70 0.0000
B:sites 1159.191 2 58.5953 165.39 0.0000

INTERACTIONS
AR 61.4897 22 2.79499 1.76 0.0000

ESIDUAL ' 51.1686 142 0.3603432

a4an_ square arror

Appendix 3.48 ANOVA table for testing differences between BBSS constructed from mean
shape biomass as a conversion factor in the freshwater,middle estuary and marine sites in
summer.

alvsis of variance for loqlbiomass) - Tvypa III Sums of Squares

IN EFFECTS
A:sieves 901.137 11 81.9216 173.94 0.0000
B:aitos 113.43 2 56,7149 120.42 0.0000]

1NTERACTIONS

AB 53.3129 22 242131 5.15 0.0000
ESIDUAL 66.8768 142 0.470963

‘OTAL (CORRECTED) 1129.17 177

-ratios are bazed on the residual poan square eorrog.

Appendix 3.49 ANOVA table for testing differences between BBSS constructed from mean
major taxon biomass as a conversion factor in the freshwater,middle estuary and marine sites
in summer.

N BFFECTS

A:sleves 0838.242 11 76.2038 161.47 0.0000
B:aites 135.015 2 67.5077 143.04 0.0000
INTERACTIONS

AB 45.2018 22 2.05599 4.36 0.0000

ESIDUAL 67.0155 142 0.47194

Square &rrox,

Appendix 3.50 ANOVA table for testing differences between BBSS constructed from the three
conversion factors in the marine site in winter.

alysis of Variance for loalbiomass) - Tvpe IIl Suns of Squeres
ource Sun of Squares Dt Mean Sguare F-Ratio P~Value
IN EFFECTS
Azsieves 719.164 11 65.2786 206.02 0.0000
B:levels 2.89376 2 1.44608 4.56 0.0124
1NTERACTIONS
AD 4.36305 22 0.19832 0.62 0.8983
ESIDUAL 36,4916 115 0.31733%
OTAL (CORRECTED) 768.392 150
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Appendix 3.51 ANOVA wble for testing differences between BBSS constructed from the three

conversion factors in the marine site in spring.
alysis of Variance for log(biomass) - Type 11l Suns of Squares

IR EFFECTS
A:sieves 685.038 Il 28.6398 122.57 0.00600

B:levels B.58396 F4 1.27198 89.93 0.0002
INTERACTIONS
A3 21.4915 22 0.576885 2.04 0.0068

ESIDUAL 68.8945 134 0.478434

ArG OITOL .

Appendix 3.52 ANOVA table for testing differences between BBSS constructed from the three
converston factors in the marine site in autumn,

alvsis of Variance for log{bionass} - Type II! Sums of Sauares

ource Sun of Sauaros Df Moan Squoare F-Ratio F~Value
It EFFECTS
A:sleves 807,409 11 73.4008 137.96 0.0000
B:levels 20.4169 2 10.2084 19.19 0.0000
INTERACTIONS
AB 31.1345 22 1.4152 2.66 0.0003
74.4B66 140 0.532027

Appendix 3.53 ANOVA table for testing differences between BBSS constructed from the three
conversion factors in the marine site in all seasons.

ource of Squares

MAIN EFFECTS

A:ajeves 2835.7 11 257.792 572.41% 0.0000
B:season 485,357 3 161.706 359.25 0.0000
C:leovels 24.64M 2 12.3235 27.36 0.0000
INTERACTIONS

AB 137,443 Ek) 4.16454 9.25 0.0000
AC 28.8557 22 1.31162 2.91 0.0000
BC 7.14878 6 1.19146 2.65 0.0154
ABC 27.5712 66 0.417746 0.93 0.6386

ESIDUAL 283.185 540 ©.450342

pquare errop,

Appendix 3.54 ANOVA table for testing differences between BBSS constructed from mean

sieve biomass as a conversion factor in the marine site in all seasons.
Enulv:i: of Varlance for loa(bicmass) - Tvoe III Sums of Squares

ource Sum of Squares Df Hoan Square

MAIN EFFECTS

A:sieves 1071.19 11 97.3807

B:season 1B2.616 3 60.072

I NTERACTIONS

AB 53.9269 33 1.63415 4.59 0.0000
RESIDUAL 65.5556 188 0.35628

are error.

Appendix 3.55 ANOVA table for testing differences between BBSS constructed from mean
shape biomass as a conversion factor in the marine site in all seasons.

N EFFECTS
Azajeves 949.475 11 B86.3159 184.23 0.0000
B:socason 177.8 3 59,2667 126.50 0.0000
INTERACTIONS
AB 60.1964 31 1.83322 3.9 0.0000
ESIDUAL 84.3325 180 0.4608514
OTAL (CORRECTED) 1361.98 227

11 F-raties are basad on the resajdual pean squage ¢rror,
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Appendix 3.56 ANOVA table for testing differences between BBSS constructed from mean
major taxon biomass as a converston factor in the marine site in all seasons.

alyais of Variance for log{biomass) - Tvpe III Sums of Sguares

IN EFFECTS
A:sieves 846.69 11 716.9718 145.20 0.0000
B:seasen 135.188 3 45.0626 85.01 0.0000

AB 56.673 33 1.71736 .24 0.0000

ESIDUAL $3.296€5 176 0.53009%

‘OTAL (CORRECTED) 1222.52 223

11 F-ratios ace based on the resicdual mean sguaro errop
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Appendix 4.1 ANOVA wable for log (N+1) transformed abundance values for all
sites in all seasons in the Yealm system,

Enalv:i: of Variance for log{abundplual) - Type III Suas of Squares
ource Sua of Squares Df Mean Sgquare F-Ratio P-Value
MAIN BFFECTS
A:nlieves 1344.45 11 122.223 51.5% 0.6000
B:aftes 822.325 4 205.581 86. T4 0.0000
C:seasons 395%.98 3 1318.66 656.16 0.0000
INTERACTIONS
AB 656.816 " 14.9281 6.30 0.0000
AC 1461.26 1 44.2806 18.68 0.0000
BC 615.406 12 $2.9505 22.34 0.0000
ABC 979.281 122 7.4188 3.1 0.0000
ESIDUAL 2275.33 960 2.37014
OTAL (CORRECTEDR) 12130.9 1199
1} F-ratios are based on the rosidual mean squarée error.

Appendix 4.2 ANOVA table for log (N+1) transformed biomass values for fw-freshwater,
me-middle estuary and ma-marine sites in all seasons in the Yealm.

alvsias of Variance for loa(biomasaplusl) - Tvoe III Suns of Sguares

ource Sun of Squares of Moan Sguare F-Ratio P-Value

IN EFFECTS

A:sleves 2393.8 11 217.6186 256.70 0.0000
B:sito 431.438 2 215.719 254.46 0.0000
C:seasons 656. 64 3 218.88 258.19 0.0000
1 NTERACTIONS

AB 101.238 22 4.60173 5.43 0.0000
AC 242,153 EE) 7.337%6 B.66 0.0000
BC 115.213 [ 19.2022 22.6% 0.0000
ABC L 210. 748 66 3.31437 3.9 0.0000
RESIDUAL 0.84775

aquage orror

Appendix 4.3 Statistics of the normalised biomass size spectra in the fw-freshwater site in the
Yealm system in summer.

eqressio Analy=is - Lincar podel: ¥ = a + b*X

opondent variable: FWy axissummer
Independent variable: FWa axis

Standard T
araneter Estinmate Error Statistic P-Value
Intercept e.98281 0.56001% 16.0802 0.0000
lopeo -0.387742 0.0833369 ~4,65271 0.0009

Analvsis of Varlance

ource Sunm of Squares Of Mean Sguare F-Ratio P=Value
odal 47.9822 1 47.9822 21.65 0.0009
esidual 22.165 10 2.2165

o.al (Corr.) 70.1473 11

orrelation Coefficient = -0.827056
-3quared = 60.4021 porcent
tandard Error of Eat. = :.48879%

ho equation of the fitted model is

FHy axssummar = 8.9828) - 0.387742FWx axis

Appendix 4.4 Statistics of the normalised biomass size spectra in the fi-freshwater site in the
Yealm system in autumn.

eqressiom Analvsis - Linear model: Y = a + b*'X
ependent variable: FWy axisautumn
Independent veriable: FWa axis

Standard T
aresoter Estinate Erzor Statlstic P-Value
Intercept 6.58812 0.853346 7.71581 0.0000
lope -0.119596 0.127062 -0.921162 0.3688

odel 4.56407 1 4.56407 0.89 0.3688
osidual 51.5256 10 5.15256
tal (Corr.} 56.0897 11

orrelation Coefficiont = -0.2085256
-sguared = 8.13709 percent
tandard Error of Est, = 2.2699]

he oquation of the fitted model is

FWy apisautunn = 6.5988)2 - ©,119586°FWx axis
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Appendix 4.5 Satistics of the normalised biomass size spectra in the fiw-freshwater site in the
Yealm system in winter.

eqgressien Analvsis - Linear model: ¥ = a ¢+ b*X
ependent variable: FWy anriswinter
Indepondent variable: Fix axis

Standard
ara=gter Estinate Error Statistic P-value
Intercoot 65.95716 0.537657 7.419%73 0.0000
lope 0.147117 0.12953 1.05435 0.3165

Anelvsis of Variance

ource Sun of Squares Of Hoan Square F-Ratlo P-Value|
odel 6.9075 1 6.9075 1.1% 6.3165
esidual 62.1372 10 6.21372
oal (Corr.) 69.0447 11

orrelation Coefficient = 0.316257
=aquared = 10.0044 opercont
tandard Error of Est. = 2.4927)

he equation of the fittod nmodol is

[y axiswinter = 6,957)6 ¢+ 0,147)117"FWx axis

Appendix 4.6 Statistics of the normalised biomass size spectra in the fw-freshwater site in the
Yealm system in spring,

eqression Analysis - Linear model: Y = a + b*X

epandent variable: FWy axiaspring
Independent varieble: FWx axis

Standard
arazoter Estinmate Error Statistic P=-Value
Intercepnt 8.58376 0.2514859 38.1317 0.0000
love =-0.370695 0.0374243 -9.90518 0.0000

ode 1 43.85%538 1 43.8558 98.11 0.0000
e3idual 4.46994 10 0.4869%4

atal (Corr.) 48.3257 11
orreletion Coofficient = -0.95263

~3quared = 90.7504 percent
tandard Brror of Est. = 0.668576

he equation of the fitted model is

axisspring = 6,58376 - 0,370695°FWx axls

Appendix 4.7 Statistics of the normalised biomass size spectra in the me-middle estuary site in

the Yealm system in summer.
ecression Analysis - Linoar model: Y = a + b*X

ependent variable: MEy axissurmor
Independent variable: MEx axis

Standard T
arameter Estimate Brror Statistic P-Yalue
Intercept 10.5493 0.677829 15.5633 0.0000
lope =0.576343 0.0969342 =5.94571 0.0001

Sun of Squares Df Mean Square F-Ratlo P~Value|
------- 117.4845 1 117.445 35.35 ¢.0001
esidual 33,2222 10 3.32222
[Tecal (Corr.} 150.668 11

[Correlation Coofficient = -0.382693
-saguared = 77.55 percent
tandard Error of Bst. = 1.8227

[The equation of the fitted nodel is

MEy axissumpmeyp = 10,5493 - 0,576343+MEX axis
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Appendix 4.8 Statistics of the normalised biomass size spectra in the me-middle estuary site in
the Yealm system in autumn.

eqressian Analvsis - Linear model: Y = a + b*X

epoendent variable: MEv asisautuzn
Independent variable: MEx aris

Standard T
arazeter Estinate Error Statistie P-value
Intercept 10.30% 0.782376 13.2058 0.0000
lope -0.540351 0.111885% -4.682987 9.0007

Sum of Sguares F-Ratio P-vValua
odel 103.25 1 103.25 23.03 0.0007
esidual 44.2608 10 4.42608
[Tatal {(Corr.) 147.51 11

Correlation Coefficient = -0.83663
-sqguaréed = 69.9949 porcent

tandard Error of Est. = 2.103B2
[The equation of the fitted podel is

MEy axisautumn =« 10_.331% - 0,.540301*MEx Axia

Appendix 4.9 Statistics of the normalised biomass size spectra in the me-middle estuary site in
the Yealm system in winter,

[Rearesaion Analysis - Linear model: Y = a + b*X

Dependent variable: MEy oxiswinter
Indepondont veriable: MEx axis

Standard T
[Paranoter Eatinate Error Statistic P-Value
Intercoot 7.43167 0.574436 7.62664 0.0000
Flope -0.0466503 0.139351 ~0.335056 0.7835
Analvsls of Variance
ource Sun of Squares Df Mean Square F-Ratio P-Value|
odel 0.770175 1 0.710775 0.11 0.7445
esidual 68.6584 10 6.8658¢
[Tatal (Corr.) 69.4252 11

iCorrolation Coefficiont = =0.105364
~squared = 1.11016 porcant
tandard Error of Est. = 2.62028

The equation of the fitted nodel is

axiswint = 7,§3]67 - 0,0466903HF. 1=

Appendix 4.10 Statistics of the normalised biomass size spectra in the me-middle estuary site
in the Yealm system in spring.

earesslon Analvsis -~ Linear modol: Y = a + b*X

epondent variable: MEy axisspring
Independent variable: MEx axis

Standard T
arazeter Estimate Brror Statistic P-Value
Intercept 10.5%45 0.683347 16.4678 0.0000
lope -0.515617 0.052003 -5.604135 0.0002

Analvais of Variance

ource Sun of Squares Of Moan Square F-Ratio P-Value
odel 94.0002 1 94.0002 1.41 0.0002
esidual 29.928 10 2.9928

otel {Corr.) 123.928 11

orreiation Coefficiont = -0.870922
-squared = 75.8505 percent
tandard Error of Eat. = 1.72997

he oquation of the fitted model is

MEy axisspring = 10,6045 - 0,5)156]17'MEx axis
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Appendix 4.11 Statistics of the normalised biomass size spectra in the ma-marine site in the

Yealm system in summer.

eqression Analysis - Linear nodel: Y = a + b*X
epandent varjable: MAv axissucoer

Indoependent variable: MAx aais

Standard T

arazeter Estinate Error Statfstic P-Value
Intercept 9.38703 0.532196 17,6383 0.0000
lope -0.390496 0.0789377 -5.04823 0.0005

Analvsis of Variance
curce Sun of Squares F-Ratio P-Value
odel 44.969 1 44.969 25.438 0.0005
c9idual 17.6456 10 1.76456
[Totel (Corr.) 62.6186 11

Correlation Coefficiont = -0.B47L6
-squared = 71.8188 porcent
tandard Error of Bat. = 1.32837
[The oquation of the fitted model ia

MAY axdasunmer = © 38703 - 0_390406°MAx axis

Appendix 4.12 Statistics of the normalised biomass size spectra in the ma-marine site in the
Yealm system in autumn.

eqression Analvsis - Linear model: Y = a + b*X

ependent varieble: MAV axisautumn
Independent variable:

Intercept 9.6127 0.435778 22.0587 £.0000
lope -0.416179 0.0546366 -6.43875 0.0001

odel 49.0485 1 419.048% 41.46 9.0001
esidual 11.831 10 1.1831

aal {Corr.) 60.B796 11
orrelatfon Coefficient = -0,.9957588

R-squared = 00.5665 porcant
tandard Error of Est. = 1.08771

he equation of tho fitted model is

tumn = 9. 6127 - 0, 416179 °MAR axjis

Appendix 4.13 Statistics of the rormalised biomass size spectra in the ma-marine site in the
Yealm system in winter.

Dependent variablo: MAvy axlswinter
Indecondent variable: MAx anis

Standard T
[Parametor Eatimate Error Statlstic P-Value
Intorcopt 6.6795%7 0.477151 13.9988 0.0000
Flnne -0.363908 0.070773) -5.14188 0.0004

ource Sun of Squares P-Value
ode 1 37.9015 1 37.501% 0.0004
estdual 14.1842 10 1.41842

@al (Corr.) 51.6857 11

orrelation Coefficient = -0.851802
-~aquared = 72.5560 parcent
tandard Errer of Est. = 1.15097

he equation of the fitted model is

MAY ardswinter = 6,6795%7 - 0,363008*MAx anis
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Appendix 4.14 Statistics of the normalised biomass size spectra in the ma-marine site in the
Yealm system in spring.

earessian Anelvais - Linear model: Y = a + b*X
ecendent variable: MAy axisspring
Independent variable: MAx axis

Standard T
arazeter Estinate Error Statistic P-Value
Intercept §.130)4 0.457491 18.3528 0.0000
lope -0.458789 0.0737501 ~6.15039 0.0001

Sun of Squarea Df HMean Saquare F-Ratio P-value
$9.087% b 59.0879 38.32 0.0001
15.4192 10 1.541582
[Txal (Corr.) 74.5071 11

Correlation Coafficient = -0.890524
-sauared = 79.305 percent
tandard Error of Est. = 1.2817¢

[The equation of the fitted medel i3

MAv axisspring = 9.13038 - 0.456785*MAx axis
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Appendix 5.1 ANOVA table for bacterial log transformed abundance in fw-freshwater and
Mma-marine sites.

alvsis of Variance for lca(total abundance) - Type IIl Suss of Sauares

N EFFECTS
A:filtorsize 20.3535 2 10.1768 709.19 0.0000
B:isites 0.25384 1 0.251874 17.6% 0.0001

INTERACTIONS
AB

0.354917 2 0.177358 12.37 9.0000
ESIDUAL 0.9471 66 0.01435
‘OTAL (CORRECTED} 21.9094 n

aquara _apror,

Appendix 5.2 ANOVA table for bacterial log transformed (ESD) in fiv-freshwater and
ma-marine sites.

F-Ratio P-Value

IN EFFECTS

A:tilterslze 443.883 2 221.941 1500.73 0.0000
B:sites 8.81339 3 8.81339 59.59 0.0000
NTERACTIOUS

AB 0.5694135 2 0.284717 1.93 0.1464
ESIDUAL 134.727 g1t 0.147639

‘OTAL (CORRECTED} 645.62 816

Square 6LLOr

Appendix 5.3 ANOVA table for bacterial log transformed (mean cell biomass) in fw-freshwater
and ma-marine sites.

alysis of Variance for logf(nean biomass} - Tvpo IIl Sums of Sguaraes

ource Sun of Squares Df Moan Square F-Ratio P-Value
MAIN EFFECTS

A:filtersize 3555.56 2 1997.78 1500.57 0.0000
Brsites 79.2612 1 79.2612 59.51 0.0000
INTERACTIONS .

AB 5.14282 2 2.57141 1.93 0.1455%
IRESTDUAL 1212.85 8911 1.33134

[TOTAL (CORRECTED) 5811.73 916

1 ~ratios 8 bas on tha rasidua onn SqUALH error,

Appendix 5.4 ANOVA table for bacterial log transformed (total biomass) in fiv-freshwater and

ma-marine sites.
alysis of variance for loa{total bicmass) - Type III Suns of Sauares

ource Sun of Squares nf Moan Sguare F-Ratio P-Value
IN EFFECTS

A:flltezsize 314.263 2 157.131 10949.52 0.0000

B:aites B8.5017 1 8.5017 592.45 0.0000

1NTERACTIONS

AB 0.690246 2 0.345123 24.05 0.0000

Appendix 5.5 ANOVA table for microbial log transformed (ATP) in fw-freshwater and
ma-marine sites.
Note that the filter size 0.2 um has been removed from analysis.

alvsis of variance for log(ATP) - Tvpe III Suns of Sguares
ource Sum of Sguares of Mean Sguaro
IN EFFECTS
A:filtar 0.0961192 1 0.09611592
B:aites 0.395027 1 0.395027
I HTERACTIONS
AR 0.0016715 1 0.0016715 0.05 0.8287
ESIDUAL 0.267397 8 0.0334246
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Appendix 5.6 the composition of the artificial minimum sea water
it is 34g per litre of the following composition

Element % total weight

chloride 47.47
sodium ions 26.28
sulphate 6.602
magnesium ions 3.23

calcium ions 1.013
potassium ions 1.015
bicarbonate 0.491
borate 0.015
strontium ions 0.001

water 13.9
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Appendix 6.1 ANOVA table for log transformed (relative abundance) in artificial substrata and
natural substrata within the study sites in both systems (Yealm and Fal).

alvsis of Variance for loa{abundance} - Tvpe II1l Suns of Squares
ource Sun of Squaros of Mean Square
IN EFFECTS
A:sievas 739.65 11 67.2409
B:ajtes 28.6061 11 2.60074
INTERACTIONS
AB 90.9519 121 0.751669 5.40 0.0000
ESIDUAL 76.71709 252 0.139078
OTAL {(CORRECTED) 939.706 695
1} F-ratios are based on the residual pean square errer.

Appendix 6.2 Multiple range tests for log transformed (relative abundance) in artificial substrata and
natural substrata within the study sites in both systems (Yealm and Fal).

le-lower estuary, ue-upper estuary, me-middle estuary, fiv-freshwater, y-Yealm

system, f_Fal system, A-artificial substrata, C-standard corer.

fMultiple Range Tests for log{abundance} by asites
Mothod: 95.0 percent LSD

sites Count L5 Mean Henogeneous Groups
LovA &0 1.20064 X
Hefl 60 1.27696 X
uefA 18 1.413068 X

ue fC 60 1.5437% iX
hovA 60 1.62652 XX
eyC 60 1.65%08 XX
lafh 60 1.71527 XX
pevC [1:3 1.719413 ..
evA 60 1.73848 XX
levC 60 1.805689 X
fwvA [1:] 1.81523 X
fwyC 60 1.88274 X

Appendix 6.3 ANOVA table for log transformed (relative biomass}) in anificial substrata and
natural substrata within the study sites in both systems (Yealm and Fal),

alysia of Variance for log{blonasa) - Tvpe IIL Sums of Squares

curce Sun of Squares Df Moan Saguare F-Ratio P-Value|
N EFFECTS
A:sioves 301.251 11 27.3865 76.00 0.0000
B:sites 15.5951 7 2.22%87 6.18 0.0000
INTERACTIONS
192,297 7 2.491736 6.92 0.0000
ESIDUAL 129.725 360 0.360347

Appendix 6.4 Multiple range tests for log transformed (relative biomass) in artificial substrata
and natural substrata within the study sites in both systems (Yealm and Fal).

le-lower estuary, ue-upper estuary, me-middle estuary, fwv-freshwater, y-Yealm

system, f_Fal system, A-artificial substrata, C-standard corer.

Multiple Range Tests for log{bicmazs) by sites
Method: 95.0 percent LSD

sites Count LS Meoan Hoaogeneous Groupa
uefC 60 1.15801 X
lefC 60 1.445986 X
fwvC 60 1.54209 XX
fwyh 40 1.5727% XX
Eevl\ 60 1.65635 XX
efA 60 1.652017 X
jue fA 48 1.72428 X
oyC 60 1.75386 X
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Appendix 7.1 ANOVA table for Total (ESD).

alvais of Variance for loa(amcanesd) - Tvpe IlI Suns of Squares

MAIN EFFECTS
A:aleves 1254.13 11 114.012 527.66 ¢.0000
B:aites 36.657 k] 12.219 56.55 ¢.0000

ESIDUAL 446.832 2068 0.21607

1)) F-ratjos are based on the residual pean square error.

Appendix 7.2 ANOVA table for Total (Biomass).

nalvais of Variance for logi{nean bionass) - Tvoe IIT Suas of Squares

MAIH EFFECTS
A:sieves 11287.2 11 1026.1 527.66 0.0000
B:sites 3167.619 k] 122.54 3.0t 0.0000

SIDUAL 4021.49 2068 1.94463

OTAL (CORRECTED} 15955.7 2082

L1l F-ratjos are based on the resjdual pean square arrog

Appendix 7.3 ANOVA table for shape (Cyl) (ESD).

alvsis of Variance for loglmean esd CYL) - Tvpe III Suas of Square?

A:sieves 964.556 10 96.4556 447.85% 0.0000
B:Slces - 30.349 3 10.1163 46.97 0.0000

SIDUAL 342.23 1589 0.215374

1} F-ratjos are based on the resjdua) nean aguare error,

Appendix 7.4 ANOVA table for shape (Cyl) (Biomass).

nalvals of Variance for loa(nean bicmass CYL) - Tvoe I1I Suns of Squares

ource Sum of Sguares Df Hean Sauare F-Ratio P-Value
MAIN EFFECTS

A:sieves 8681.0 10 866.1 447,95 0.0000
B:Sites 302.916 L] 100.939 52.07 0.0000
ESIDUAL 3080.07 1589 1.93837

Appendix 7.5 ANOVA table for shape (Others) (ESD).

nalysis of Varlance for loa(nean esd other shapes) - Type III Sums of Squares

curce Sun of Squares Df Mean Saquare
MAIN EFFECTS

A:Sicves 210.324 9 21,3694
B:sites 1.9497 3 0.649565
ESIDUAL 42.0579 461 0.0900598

OTAL (CORRECTED) 255.648 479

11 F-ratioa are based on the residual pean aquare error,

Appendix 7.6 ANOVA table for shape (Others) (Biomass).

alvats of Variance for logimean bionass other shaoes) - Tyvoe 111 Suns of Squares

aurce Sua of Sauarcs Df Mean Square F-Ratlo P-Value
4AIH EFFECTS

A:Sleves 1892,92 9 210.324 259.49 0.0000
B:sites 21.4003 3 7.13443 8.80 0.0000

378.522 467 0.B10513%

Appendix 7.7 ANOVA table for Nematode (ESD).

2lvais of varlance for loa(tlenatode ESD} - Tvype III Sums of Squares

Df Mean Square F-Ratio P-Value
MAIN EFFECTS
A:sieves 169.117 6 28.1862 225.35 0.0000
B:sites 13.6535 3 4.55116 36.19 0.0000

0.125078

11 F-ratlos are based on the reaidval meap gogvare erfog




Appendix 7.8 ANOVA table for Nematode (Biomass).

alvais of Variance for logiNenatode biozass) - Tvoe III Suos of Sguares

Df Mean Square F-Ratio P-vValue
MAIN EFFECTS
Aisieves 1522.05 6 253.676 225.35 0.0000
B:sites 142.043 3 47.349¢6 42.06 0.0000
ESI1DUAL 1009.63 -p:11 1.1257

2565.98 905

OTAL {CORRECTED)

11 F-ratios are based on the residual mean aquare error.

Appendix 7.9 ANOVA table for Copepod (ESD).

alvsis of Variance for lea(Copepod ESD} - Type III Suds of Sauares

MATH EFFECTS

A:sieves 22.2612 4 5.5653 92.57 0.0000
B:sites 0.321285 3 0.107095 1.78 0.1509
ESIDUAL 16.593% 276 0.0601212

11 F-ratjos ace based on the residual oeap square egror,

Appendix 7.10 ANOVA table for Copepod (Biomass).

alysis of Variance for loalCoozpod blomass) - Tvpe I1I Suns of Scuares

MAIN EFFECTS
A:sieves 200. 351 4 50.0877 92.57 0.0000
B:rsites 4.64278 3 1.54759 2.86 0.0373

ESTDUAL 149.34) 276 0.541091

1l F-ratjos are

Appendix 7.11 ANOVA table for Oligochaeta (ESD).

alysis of Variance for loa(Ollgochaera ESP) - Type III Sunms of Squares

Dt Hean Sguare F-Ratio P-Value,
MAIN EFFECTS
A:sleves 32.6356 1 4.66222 90.18 0.0000
B:sites 0.883087 3 0.294362 5.69 0.0010
8.22032 159 0.0517001
169

nean squaze €rxor,

Appendix 7.12 ANOVA table for Oligochaeta (Biomass).

alvsis of Variance for log(Oligochaeta bionass) - Tvpe III Sums of Sauares

I8 EFFECTS
A:sieves 293.72 7 41.96 60.18 0.0000
B:sites 9.11026 3 31.03675 6.53 0.0003

ESIDUAL 73.90829 159 0.465301

11 F-ratios are b

Appendix 7.13 ANOVA table for Polychaeta (ESD).

alysis of Variance for loc(Polvchaeta ESD) - Type III Suns of Sauares

ource Sun of Squares 114 Mean Square F-Ratio P-Value
IN EFFECTS

A:sleves 11.6949 & 1.94916 13.49 0.0000
B:sites 6.24985 2 3.12493 21.63 0.0000
ESIDUAL $1.4238 356 0.144449

11 F-ratios are baged on tha residual pean squage error.

Appendix 7.14 ANOVA table for Polychaeta (Biomass).

alysis of Variance for loa({Polvchaeta biomass) - Tvoe III Sums of Squares

ource Sum of Saunares Df Mean Square P-value|
MAIN EFFECTS

A:ajeves 105.254 6 17.5424 13.49 0.0000
B:sites 61.0589 2 30.5295 23.48 0.0000
ESIDUAL 462.814 356 1.30004

OTAL (CORRECTED} 832.040 364

1! F-rayjiog are based on the residupl pean square errog,
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Appendix 7.15 ANOVA 1able for Nemaiode (body length).

nalvais of Varlance for Nematode leangth - Tvoe II! Suos of Sgquares

1N EFFECTS
A:sieves 1.25577 [ 0.209295 449.67 0.0000
B:sites 0.0174655 3 0.00582184 12.51 0.0000

ESIDUAL 0.417034 B%6 0.000465439

1} F-ratios are based on the fesjdvual pean squage eryor.

Appendix 7.16 ANOVA table for Nematode (body width).

alvsis of Variance for ligmatode width - Tvoe 111 Suns of Squares

ource Sun of Sgquares Df Mean Sauare F-Ratio P-Value

MAIN EFFECTS

A:sleves 0.00167005 6 ©.0002768341 128.26 0.0000
B:sites 0.000161571 3 0.0000538571 24.82 0.0000
SIDUAL 0.00194442 896 0.00000217011

Appendix 7.17 ANOVA 1able for Copepod (body length).

alvsis of Variance for Copepod bodv lenqth - Tvpe Iii Suns of Squares

MAIN EFFECTS

A:sieves 0.030955 4 0.00773875 155.98 0.0000
B:aites . 0.0033065¢6 k] 0.00110219 22.22 0.0000
ESIDUAL 0.0136932 276 0.0000496129

OTAL {CCRRECTED} 0.0520362 2813

1] F-ratioa pre based on the rosidual mean square error

Appendix 7.18 ANOVA table for Copepod (body width).

nalvais of Variance for Copepod bodv width - Tvpe IIl Sums of Squares

ource Suo of Squares Df Mean Square F-Ratio P-Value
IN EFFECTS

A:sieves 0.00658267 4 0.00164567 124.35 0.0000

B:sites 0.000154474 3 0.0000514914 3.89 0.0095

ESIDUAL 0.003652¢6 276 0.000013234

Appendix 7.19 ANOVA table for Oligochaeta (body length).

alvais of Variance for Oligochaeta lencth - Tvpe III Sums of Scuares

IN EFFECTS
A:sleves 7.65575 7 1.09368 110.49 0.0000
B:sites 0.00922735 3 0.00307578 0.3 0.8176
ESIDUAL 1.57392 159 0.00989936
OTAL (CORRECTED) 10.5768 169

mean Squayg error,

Appendix 7.20 ANOVA table for Oligochaeta (body width).

alysias of Varlance for Qliaochaeta width - Tvpe I1I Suns of Squares

IN EFFECTS
A:aieves 0.00474618 7 0.000678026 47.57 0.0000

B:sites 0.000142465 3 0.0000474882 3.33 0.0211
ESIDUAL 0.00226E5 15¢  0.0000142547

1 -ratios are

Appendix 7.21 ANOVA table for Polychaeta (body length).

nalvsis of variance for Polwhaeta lenath - Tvpe IIl Suns of Squares

ource Sun of Squares Df Mcan Square F-Ratio P-value
MAIN EFFECTS

A:sleves 2.88153 6 0.480255 74,08 0.0000
B:aites 0.848%981 2 0.424491 65.48 0.0000
ESIDUAL 2.30795 3156 0.006483

OTAL (CORRECTED) 10.8669 364

All F-ratios are based on the residual pean souare error
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Appendix 7.22 ANOVA 1able for Polychaeta (body width).

alvals of Variance for Polvchaeta width - Tvpe III Sums of Squares

ovrce Sun of Sauares pf Mean Sguare F-Ratio P-Valce
I EFFECTS

A:sieves 0.00890757 6 0.00148459 20.984 0.0000
Braites 0.000920028 2 0.0004560014 6.46 0.0018

ESIDUAL 0.0253628 356 0.00600712439

OTAL (CORRECTED} 0.044959% 364

1] F-ratjos are based on_the resjdual mean squage erzor

Appendix 7.23 Multiple regression analysis for predicting mean Nematode biomass in the four
study sites in the Fal system. fw-freshwater, ue-upper estuary, me-middle estuary,
le-lower estuary sites.

HMultiple Recrossion Analvsis
Dependent variable: logltlematode blonass:
Standard T

Paracetaer Estinate Error Statistic P-Value
[CONSTANT -21.1081 1.48787 ~14.1868 0.0000
log(sieve size)*(site F 2.83509 0.24984 11.3636 0.0000
Hoqisieve size)*{site F 1.58425 0.251044 6.29058 0.0000
log{sieve size)*{aite F 1.87607 0.197427 9.5026 0.0000
Hoa{sleve size)*{aite F 2.7525% 0.329124 8.36339 0.0000
pite Fale™fw® -0.967091 1.89578 -0.510128 0.6174
site Fal="ue" 4.75723 1.90784 2.49351 0.0248
sitg Fal="pe" 2.90608 1.77328 1.630882 0.1221

Analvsis of Vaziance
ource Sum of Sguares Df Mean Square F-Ratlo P-value
odel 43.1255 7 6.16078 47.56 0.0000
esidual 1.94311 15 0.129541
otal (Corr.) 45.0686 22

-squared = 95 6885 percent

-squared (adjusted for d.f.} = 93.6765 percent
tandard Error of Est. = 0.359918

ean absolute error = 0.220575

urbin-Wataon statistic = 2.9986

he cquaticn of the fitted model is

oa(lienatode biozass) « -21.10681 + 2.839091loa{afcve size)*(site Fal="fw") +
1.58425°1og{aleve size)*(site Fal="ue”) + 1.87607*loa{alave slzo}*(site_Fale"ze")
2. 75259 loa(slove sl;ul'(al:o Fal="le" J - 0.967091*site_Fal="fw" +
. (ol

Appendix 7.24 Multiple regression analysis for predicting mean Qligochaeta biomass in the
four study sites in the Fal system. fw-freshwater, ue-upper estuary, me-middle estuary sites.

Multinle Reqression Analvsis

Dependent variab loa (Oligochaeta bionass
Standard
[Paraneter Estinate Error
CONSTANT -17.7691 0.796657 -22.3045 0.0000
loa({siava size) 2,45616 0.149679 16.4094 0.0000
lsite Fal="fw" ~-0.879841 0.32289% -2.72485 0.0184
laite Fal="ue~ -1.11799 0.347775% -3.21468 0.0074
site Fale"® -1.00442 0.343107 -2.92742 0.0127
Analysis of Variance
Sun of Squares Df Mean Sauare f-Ratio P-Value
fodel 16, 4981 1 11,6245 80.53 0.0000
Residual 1.73229 12 0.144358
Total (Corr.) 48.2304 16

-squared l(adjusted for d.f.) = 95.2111 percent
tandard Error of Est. = 0.373944

Mean absolute error = 0.253595

Durbin-Watson statistic = 2.23079

E-suuared » 96.408] percent

The equation of the fitted nmodel is

log{Oligochasta bionass) = -17.7691 + 2.45616"log{ajeve size) - 0.879841'site_Fala"fu"
- 1.11799°alte_Fal="ue® - 1.00442°site_Fal="ce~
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Appendix 7.25 Multiple regression analysis for predicting mean Polychaeta biomass in the
three study sites in the Fal system. ue-upper estuary, me-middle estuary,le-lower estuary site.

Multiple Regqression Analvsis

mendent variable: loa{Polychacta biomass)

Standard T
araceter Estimate Error Statistic P-Value
CONSTANT -16.31M 1.50549 -10.8786 0.0000
lea(sieve size)* (site F 0.9217 0.2351% 3.92814 0.0028
calsieve size)*(stte F  0.971355 0.3334M 2.91281 0.0155
Llea(steve sjze)*(site F 2,18574 0.234695 9.31311 0.0000
ite Fal="ue” 6.78526 2.07526 3.2696 0.0084
fte Fale"pe* 7.68671 2.637147 2.91443 0.0154
Analysis of Variance

ource Sun of Saquares Df Mean Scuare F-Ratio p-Value
odel 22.2574 5 4.451489 319.82 0.0000
esidual 1.14668 10 0.114668

[Total (Corr.} 23.4041 15

-squared (adiusted for d.f.) = 92,6507 percent
tandard Error of Eat., = 0,330627
{ean absclute errer = 0.223519
Durbin-Watson statistic = 2.13866

E-suuared = 95.1005 percent

The equation of the fitted nodel is

loa{Polvchaeta biozmass) = -16.3777 +« 0.9237°loa(sleve slze)*(slte Fal="ye”) +
0.571355loa(sleve size)* {site Fal="ma™} + 2.18574*log(sieve alze)*(site Fal="le")
b_6,.70526 aite Fal="ue® + 7,60867}1*site Fale"nae" -

Appendix 7.26 Multiple regression analysis for predicting mean Hydracarina biomass in the
three study sites in the Fal system. fw-freshwater, me-middle estuary,le-lower estuary site.

Multiple Rearession Analysis

Devenden loa{Hydracarina biomass}

Standard T
[Parapeter Eatipate Error Statistic P-Value
CONSTANT -28.4447 4.04352 -7.03465 0.0009
log(sleve size) 4.28019 0.825655 5.184 0.0035%

Hodel 14.7715 1 14.7715 26.87 0.0035
esidual 2.7483 5 0.54966

otal (Corr.) 17.5198 6

-sguared = B4.3132 percent

-gquared {adjusted for d.f.} = 81.1758 percent
tandard Error of Est. = 0,741391

ean absolute error = 0.593525

urbin-Watson statistic = 1.33267

he equation of the fitted model 13

*log{nieve size)

Appendix 7.27 Multiple regression analysis for predicting mean Tardigrada biomass in the
fw-freshwater site in the Fal system.

ultiple Reareasion Analvsis

omass}
Standard
oNSTANT  -16.628  0.650157 Z25.5518 0.0249
0.122429 16.4032 0.0388

Df Mean Sguare

1 2.26348
1 0.00841236

otal (Corr.) 2.2719 2

~squared = 99.6297 percent

-squared {adiusted for d.f.
tandard Error of Est. = 0.0
can absolute error = 0.0491
urbin-Watson scatistic = 2.

) = 99.2594 percent
917169
867
94125

he equation of the fitted oodel is
nage) = -316.628 +« 2.00822°1oqi{giqove sizal

I}
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Appendix 7.28 Multiple regression analysis for predicting mean Tricladida biomass in
fw-freshwater, ue-upper estuary, me-middle estuary ans le-lower estuary sites in the Fal.

Multiole Reqression Analvsis

Standard T
[Paraceter Estinate Error Statistic P-Value
CONSTANT -15.9928 0.870632 -18.3691 9.0000
lloa(aieve size) 2.20088 0.16607 13.2528 0.0000

todel 48.3943 1 48.394] 175.64 0.0000
esidual 3.85754 14 0.275538

ctal (Corr.) 52.2518 15

-squared = 92.6174 percent

-squared {adjusted for d.f.) = 92.090! percent
tandard Error of Est. = 0.524917

Mean absolute error = 0.420698

urbin-wWatson statistic = 1.9887

he equation of the fitted model is

|

ricladida bionasal = -19,9928 + 2 20088*log(sieve sjze)

Appendix 7.29 Multiple regression analysis for predicting mean Copepoda biomass in
fw-freshwater, ue-upper estuary, me-middle estuary ans le-lower estuary sites in the Fal.

ovltiple Roqression Analysia

Standard T
[Paraneter Estipate Error Statistic P-Value
[CONSTANT ~20.4348 1.32487 -15.42¢ 0.0000
#N(MOW slze) 2.682021 0.268099 10.5193 0.0000

ource Sun of Sauares Df Mean Square F-Ratlo P-Value
{ode ! 21.6842 1 21.6842 110.66 0.0000
[Regidual 2.74344 14 0.19596

[Total (Corr.) 24.42M 15

-squared = B6.7691 percent

-squared (adjusted for d.f.) = 81 9669 percent
tandard Error of Est. = 0.44267¢

ean absolute error = 0.327647

rbin-Watson statistic = 1.19016

he equation of the fitted nodel is

Co bionasm = -20.4348 ¢+ 2,B202))loqi{sjeve sizo)

Appendix 7.30 Multiple regression analysis for predicting mean Ostracoda biomass in

ue-upper estuary, me-middle estuary ans le-lower estuary sites in the Fal.
ultiple Regression Analvsis

standard T
araceter Estipate Error Statistic P-Value
ONSTANT -17.309 0.822935 -21.0332 0.0000
oafsicve alze) 2.317843 0.168385 14.1249 06.0000
ite Fale"ue” -0.848444 0.166175 -5.10574 0.0009
ite Fal="me" -0.208538 0.23663 -0.801286 0.403%

ource Sun of Squares Df Mean Sguare F-Ratlo P-Value
dode ) 19.09 3 6.36332 §2.18 0.0000
Residual 0.55228 ] 0.0690135

[fTotal (Corr.) 19.6422 11

~-aguared = 97.18B1 percent

E-suuared fadiusied for d.f.) = 96.1339 percent
tandard Error of Est. = 0.262745

Mean abaolute error = 0.17722)

Durbin-Watson statigtic = 2.113

[The equatign of the fitted model ig

log{Ostracoda blonass) = -17.309 + 2.37843*log(sieve size} - 0.B48444°site Fale"ue" -
0, 208538 sitve Fala“me®
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Appendix 7.31 Multiple regression analysis for predicting mean Rotifera biomass in
fw-freshwater site in the Fal.

toitiple Regression Analvsis

Standard T
[Parapeter £stipmate Error Statiacic P-Value
[CONSTANT -23.822¢ 1.48408 -16.052 0.666;
log{sieve size) 3.5412 0.31298 11.3145 0.0015
Analvsis of Variance

ource Sus of Squares Df Mean Sguare F-Ratio P-Value
fodel 25.612 1 25,612 128.02 0.0015
esidual 0.6002 3 0.200067

[fotal ([Corr.) 26.2122 4

-squared = 97.7102 percent

E-scuared tadjusted for d.f.) = 96,947 percent
tandard Error of Est. = (.447288

{ean abaolute error = 0.32])6

Durbin-Watson statistic = 2,95827

The equation of the fitred nodel is
log{Rotiferpa bionass} = -23 6224 + 3 54)2°1gq(giave size)

Appendix 7.32 Multiple regression analysis for predicting mean Mysides biomass in
le-lower estuary site in the Fal.

ultiple Regreasion Analysis

Standard T
arameter Estimate Error Statistic P-Value
ONSTANT -21.7479 2.2469% -9.67886 0.0655
ca(sieve slze) 3.1273 0.342072 9.14224 0.0694

oQurce S5un of Squares of Mean Sguare F-Ratio P-Value
odel 2.3495) 1 2.34953 83.58 0.0694
esidual 0.0281109 1 0.0281108

otal (Corr.) 2.37764 2

~squared = 96.9177 percent

-squared {adiusted for d.f.) = 97.6154 parcent
tandard Error of Est. = 0.167663

ean absolute error = 0.0912622

urbin-Watson statistic = 2.99991

he equation of the fitted nodel is

] = -21.7479 + 3.1273*'logi{sieve siza]

Appendix 7.33 Multiple regression analysis for predicting mean Ephemeroptera biomass in
fw-freshwater site in the Fal.

Multiple Reqression Analvsis

ependent variable: log(Ephenmezoptera biozass)

Standard T
arameter Estimate Error Statistic P-Value
QUSTANT -19.5411 6.26576 -3.1187 0.1975
log{sieve size) 2.63976 0.95389 2.767136 0.2208

fodel 1.67405 1 1.67405 7.66 " 0.2208
esidual 0.218594 3 0.210859¢

atal (Corr.) 1.89264 2

-squared = BB.4504 percent

-squared {adjusted for d.f.} = 76.9007 perceat
tandard Error of Eat. = 0.46754

ean absolute error = 0.254491

urbin-Warson statistic = 2.99991

he equation of the fitted model is

log{Echereroptera biomass) = -19.5411 ¢+ 2.63976+logisieve sizal
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Appendix 7.34 Multiple regression analysis for predicting mean Diptera larvae biomass in
fw-freshwater site in the Fal.

Multiple Reagression Analvsis

IDependent variable: log(Diptera larvae bionass)

Standard
[Parameter Estinate Error Statistic
CONSTANT -22.9771 5.34465 -4.29907
loo{sieve sizel} 31.34006 0.932565 3.58159

ource Sun of Sauares Di Mean Squere F-Ratio pP-Value
Model 17.5147 1 17.5147 12.83 0.069%9
esfdual 2.73075 2 1.36537

[Total (Corr.} 20.2455 k]

R-squared = B6.5118 percent
-gguared {adjusted for d f.) = 19.7677 percent
tandard Error of Est. = 16849
jiean absolute error = 0. GBG 4538
Durbin-Watson statistic =« 3.302

[The equation of the fitted nodel is

log(Diptera larvae blonass) = -22.977i + 3.34006°1og(sieve size)

Appendix 7.35 Multiple regression analysis for predicting mean Chironomid biomass in

fw-freshwater site in the Fal.
ultiple Regression Analysis

Standard
arameter Estinmate Error Statistic P-Value
ONSTANT -17.6133 0.25267 -69.7087 0.0000
log{sieve siza) 2.31755% 0.0463117 50.0424 0.0000

ource Sun of Sguares Df MHean Saquare F-Ratio P-Value
odel L9017 1 14.9017 2504.24 0.0000
esidual 0. 023802! 4 0.0059506
[Total (Corr.) 14.9255 5

-squared {adiusted for d.f.} = 99,8007 percent
tandard Error of Est. = 0,.0771401

{ean absolute error = 0.0441596

Durbin-Watson statistic = 2.79212

E-sauared = 59.8405 percent

[The equation of the fitted oodel is

log{chirononid biomass) = -17,6133 + 2.31755¢)oqi{sjeve sjze)

Appendix 7.36 Multiple regression analysis for predicting mean Amphipoda biomass in

me-middle estuary and le-lower estuary sites in the Fal.
4ultiple Regression Analvais

Standard
[Paraneter Estimate Error Statistic P-Value
CONSTART -6.42452 5.06954 -1.26728 0.2609
log{gsieve size)*(site 3.50819 0.111055 31.5896 0.0000
loa{size)*(site F 0.65032 0.838523 0.775554 0.4731
jatte Fale"me* ~17.5753 5.1222 -3.43121 0.0186
Analvals of Variance

ource Sun of Sauares Df Mean Sauare F-Ratio P-Value
Eodel 44.73 3 14.91 361.56 0.0000

esidual 0.20619 5 0.0412379

[Total {Corr.) 44.9361 B

-gguared {adjusted for d.f.) = 90,2650 percent
tandard Error of Est. = 0.20307%

Mean absclute error = 0.118996

Murbin-Watsen statistic = 2.49089

E—:uuared = 99,5411 percent

[The equation of the fitted model ias

loq!Aophipoda bionass) = -6.42452 + 3.50819°loglaieve size)*(site_Fal="me”) +
0,65032°logiaieve sizel*isjte Fale"10") - 17,575)*site Fal="npe”
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Appendix 7.37 ANOVA table for comparing benthic abundance size spectra between the Fal
study sites regardless of seasons.

nalysis of Variance for loctabundance) - Tvpe Il Sums of Squares

ource Sun of Sguares Df Mean Sauare F-Ratio P-Value|
MAIN EFFECTS

A:sieves 5690.02 11 517.21% 119.34 0.0000
B:sites 154.876 k| 64,9587 14.99 0.0000
IHTERACTIONS

AB 3J17.181 33 9.61154 2.22 0.0002
ESIDUAL 1872.48 432 4.33443

OTAL (CORRECTED) BO74.56 479

1l F-ratios are based on the residupl pean aquare error

Appendix 7.38 Multiple range test for comparing benthic abundance size spectra between the
Fal study sites regardless of seasons. Fw-freshwater, le-lower estuary, me-middle estuary,
ue-upper estuary sites.

ultiple Range Tests for log(abundance) by sites

3ites Count L5 Mean Homogeneous Groups

- = e e e emm e e er e e msmeme e cecmemeee- e emEa e e
fw fal 120 5.92216 X

le fal 120 1.28181 X

be fal 120 T7.32431 X

e fal 120 7.52765% X

Appendix 7.39 ANOVA table for comaring benthic abundance size spectra between the Fal

study sites (considering seasons).
2lvsis of Variance for log(abundence) - Type IlI Sums of Sguares

IN EFFECTS

A:sleves 5690,02 1l 517.275 109.62 0.0000
B:asices 194.876 3 64.9587 13.717 0.0000
C:seasons 0.138675 1 0.1368675 0.03 0.8640
ESIDUAL 2189.52 464 4.716879

OTAL (CORRECTED}

Ll _F-ratios are baged on the reoaidual mean saquage epror,

Appendix 7.40 ANOVA table for comparing BBSS between the Fal study sites (considering

$easons).
alvsis of Variance for log(biozmass) - Type III Suma of Squares

Sun of Squares Mean Square F-Ratio P-Value

IR EFFECTS

A:sleves 694.532 11 63.1392 29.62 0.0000

B:aftes 79.9681 3 26.656 12.51 0.0000

C:scason 0.00086944 1 0.000086944 0.00 0.9639

NTERACTIONS

AB 247.397 kk] 7.49689 J.52 0.0000
51.5456 1l 4.68596 2.20 0.0133
16.8276 3 5.60921 2.63 0.0497
988.863 117 2.13157

Appendix 7.41 Multiple range test for comparing BBSS betrween the Fal study sites
(considering seasons). fw-freshwater, ue-upper estuary, me-middle estuary, le-lower estuary

sites in the Fal system.
{ultiple Range Tests for log(biomass) by sites

sites Count LS Mean Homogeneous Groues
fw fal 120 1.77566 X

e fal 120 2.25879 X

e fal 120 2.64372 X

le fal 120 2.84576 X
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Appendix 7.42 ANOVA table for comparing mean ESD between the Fal study sites and those

of the Yealm.
nalvsis of Variance for loalesd) - Tvpe Il Suns of Sguares

MATHN EFFECTS

A:sieve 22.6301 11 2.057] 279.02 0.0000
B:site 2.60969 6 0.449281 €0.80 0.0000;
NTERACT1OQNS

AB 17.8196 66 0.269993 36.62 0.0000

STDUAL 2.47138 336 0.00737215

11 F-rpfiog are based on the residual mean square error,

Appendix 7.43 Multiple range test for comparing mean ESD between the Fal study sites and
those of the Yealm. seasons). fw-freshwater, ue-upper estuary, me-middle estuary, le-lower
estuary sites.

4ultiple Range Tests for leg(esd) by site

ite Count LS Mecan Hoooqeneous Groups
fal 60 0.24713 X
fal 60 0.302423 X
fal 60 0.3242113
vealn 60 0.358101 X
vealn 60 0.362623 XX
veala 60 0.390957 X
fal 60 0.522921 X

Appendix 7.44 ANOVA table for comparing log transformed abundance in both the Fal and

the Yealm study sites in summer and autumn.
Eﬂalvsls of Varlance fer log(abundance} - Type II1 Suns of Squares

ource Sun of Squares big Hean Square F-Ratio P-Value
MAIN EFFECTS

A:sieves 6017.74 11 547.068 216.27 .0000
B:sites 2862.09 8 357.761 141.43 0.0000
C:seasons 9.80562 1 9.80562 3.68 0.0490
EHTERACTIONS

AB 1743.08 ae 19.8077 7.9) 0.0000
AC 99.0405 11 9.00368 3.56 0.0001
BC 290,434 ] 36.304) 14.35 0.0000
ABC 446.09) €8 5.06924 2.00 ¢.0000
ESIDUAL 2185.57 864 2.52959

OTAL {CORRECTED)

1) E-ratjos are based on the resjidual pean squaze error,

Appendix 7.45 Multiple range test for comparing abundance size spectra in both the Fal and
the Yealm study sites. fw-freshwater, ue-upper estuary, me-middle estuary, le-lower estuary,

ma-marine sites.
ultiple Range Tests for loglabundance) by sites

athed: 95.0 percent LSD
ites Count LS Mean Homoceneous Grouns

fal 120 5.92216 X

fal 120 7.28181

fal 120 7.32431 X

fal 120 7.52765 b3
vealm 120 B.25925 X
vealn 120 6.96814 X
vealn 120 10.02171 X
vealn 120 10.1265 X
vealn 120 11.3546 X
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Appendix 7.47 ANOVA table for comparing log transformed BBSS between the study sites
of both the Fal and the Yealm system.

Yvais of Varlance for loa(blosass) - Type 111 Sums of Squares

ource suo of Sguares 113 Mean Sguare F-Ratio P-Value
MAIH EFFECTS
A:sleves 1306.91 11 118.61 85.41 0.0000
B:aites 1436.11 6 239.351 172.07 0.0000
C:scason 15.2449 1 15.2449 10.96 0.000%
[INTERACTIONS
AD 922.897 66 13.9833 i0.05 0.0000
36.9277 11 3.35798 2.41 0.0060
96.3056 6 16.0509 11.54 0.0000
191,302 66 2,89852 2.08 0.0000
§934.75%8 672 1.39101

Appendix 7.48 Multiple range test for comparing log trsnsformed BBSS between the study
sites of both systems. fw-freshwater, ue-upper estuary, me-middle estuary, le-lower estuary,
ma-marine sites.

ultiple Range Tests for logiblonass) by sites
othod: 95.0 oercent LSD
ites ount LS Hean Hopogengous Groups
fw fal 120 1.77566 X
e fal 120 2.25879 X
e fal 120 2.64372 X
e fal 120 2.84576 X
w voalo 120 3.45975 X
yeala 120 4.52685 X
e vealo 120 5.82589 X

Appendix 7.49 Normalised BBSS in the freshwater site in summer in the Fal.

ependent varlable: FWy axlssuomer
Independent varlable: FWx axis

Standard 1
araceter Estimate Error Statistlce pP-value
Intercest 6.54806 0.744455 €8.79578 0.0000
lope -0.49563 0.115%922 -4.27553 0.0027

Sun of Squares Df Mecan Square F-Ratlo P-Value
Mode L 33.9553 1 33,9553 18.28 0.0027
esidual 14.86 ] 1.8575
otal (Corc.) 468.8153 9

orrotation Coefficient = -0.834019
-saquared = 69.5588 percent

tandard Error of Est. = 1.3629

he equation of the fitted zodel is

FWy avissucmag = 6.54R06 - 0.49563FWx _axis

Appendix 7.50 Normalised BBSS in the freshwater site in autumn in the Fal.

eqreasion Analvsis - Linear oodel: Y = a ¢ b*X
ependent variable: FWy axisautumn
ndependent varlable: Fwx axis

Standard T
araneLer Estinate Error Statistic P-Value
Intercept 7.1695 1.27074 5.64195 0.0005
lope -0.154525 0.197873 ~0.780931 0.4573

ource Sum of Squares Df Mecan Square -Ratio pP-value
odel 3.30056 1 1.30058 0.61 0.4573
esidual 43.2967 8 5.41209

ctal (Corr.) 46.5973 9

cerrelation Coefficient = -0.266143
-sguared = 7.0832] percent
tandard Error of Est. = 2.32639

he equation of the fitted nodel is

FWy atisautumn = 7.1695 - 0.154525FWx axig
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Appendix 7.51 Normalised BBSS in the upper estuary site in summer in the Fal.

caression Analvais - Lincar oodel: Y = a ¢ b'X
ependent varlable: UEv axissuczer
ndependent variable: UEx axls

Standard T
araseter Estipate Error Statistic P-value
ntercept 7.96619 1.69043 4.71265 0.0015
lope -0,308452 0.263224 -1.17182 0.2750

ource Sun of Squares Df Mean Square P-Value
odel 13.1513 1 13.1513 0.2750
esidual 76.6186 8 9.57133

ota! {Corz.) 89.7699 ]

orrelation Coefficient = -0.382753
-squared = 14.65 percent

tandard Error of Est. = 3.09473
he equation of the fitted oodel is

UEy axissucrey = 7,96630 -~ 0.308452+UEx axis

Appendix 7.52 Normalised BBSS in the upper estuary site in autumn in the Fal.

caression Analysias - Linear model: Y = a + b°X

ependent variable: UEv axisaviuzn
Independent variable: UEx axis

Standard T
arapeier . Estipate Error Statistic P-Value
Intercept 6.78517 0.683228 9.93105 0.0000
lope -0.70018 0.106388 -6.58135 0.0002

ource Sunm of Saquares pf Mean Square F-Ratio P-Value
odel €7.7662 1 67.7662 43.31 6¢.0002
esidual 12.5162 8 1.56453

otal {Corr.} 80.2824 9

orrelation Coefficient = -0.918748
-squared = 84.4098 pecrcent
tandard Error of Est. = }.25081

he equation of the fittad nmodel is

= 6,78517 - 0. TOQIB'URX aAxis

Appendix 7.53 Normalised BBSS in the middle estuary site in summer in the Fal.

earessicn Analvsis - Lincar model: Y = a + b*X

ependont variable: MEv axlssumner
independent variable: MEx axis

Standard T
arameter Estioate Error Stattstic P-Valuo
ntercept 6.27099 0.766554 8.18076 0.0000
lopeo -0.559929 0.125171 -4.47331 0.0015

ource Sum of Squares pf Mean Sauare F-Ratio pP-value
Eot-!el 52.2275 1 $2.2215 20.01 0.0015
esidual 23.4501 9 2.61001
fTotal (Corr.) 75.7176 10

lCorrelation Coefficient = -0.830522
-sgquared = 58.9767 parcent
tandard Error of Est. = 1.61555

I*he cquation of the fitted oodel is

MEy axjissurmer = 6,.27099 - 0.559929°MEx _axis
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Appendix 7.54 Normalised BBSS in the middle estuary site in autumn in the Fal.
earession Analvsis - Linear model: Y = a » b°X

ependent variable: MEv axlsautoan
Independent variable: MEx axis

Standazd T
araceter Estinate Error Statistic P-value
Intercept 7.14628 0.31677 22.5598 a.0000
lope -0.323322 0.0517257 -6.25071 0.0001

ource Sun of Saquares Df Mean Square F-Ratio P-Value
odel 17.4142 1 17.4142 315.67 0.0001
esidual 4.01133 g 0.445704

[Total (Cerr.) 21.4256 10

Joorrelation Coefficient = -0.901542
-squared = 81.2778 percent
tandard Error of Est. = 0.66781

The equation of rthe fitted model ia

MEy axisautumn = 7.14628 - 0,3123322°'MFy axis

Appendix 7.55 Normalised BBSS in the lower estuary site in summer in the Fal.

egression Analysis - Linear mocel: ¥ = a + b'X

ependent variable: LEv axissucmer
ndependent variable: LEx axis

Standard T
arameter Estimate Error Statistic P-vValue
Interceot 8.9207% 0.812619 10.9778 0.0000
lope -0.0675608 0.137171 -0.4925132 0.6230

Analvsis of Variance

Sun of Sguares of Mean Sauare P-Value
odel 1.00599 1 1.00599 0.6330
csidual 41.4691 10 4.14691

[Total (Corr.) 42.4751 11
Corrclation Coefficient = -0,.153697
E-suua:ed = 2.36842 percent

tandard Ercor of Est. = 2.,0364
The equation of the fitted codel is

LEy axissurmer = 8.92099 - 0,067560B°LEX axis

Appendix 7.56 Normalised BBSS in the lower estuary site in autumn in the Fal.

egression Analvsis - Linear model: Y = a ¢+ b*X

ependent variable: LEv axisautumn
Independent variable: LEx axis

Standard T
arapeter Estimate Error Statistic P-Value
[ntercept 9.69569 0.871234 11.1289 0.0000
lope -0.00815912 0.147065 -0.0554798 0.9568

ource Sum of Sguares of Mean Square F-Ratio P-Value
odel 0.014672 1 0.014672 0.00 0.9568
esidual 47.6672 10 4.76672
Total {Corr.) 47.6819 11

Correlation Coefficient = -0.0175415
-squared = 0.0307206 percent
tandard Error of Est, = 2.18328

[The equation of the fitted nodel is

LEy axisautunn = 9 69589 - 0.008}59)12*LEx axis
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