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ABSTRACT
Frequent measurements of the physical‐chemical parameters and biological
components of estuaries are key for assessing the ecological status of these
transitional waters. Little is known about the microbial community composition of
two temperate South Coast UK estuaries, Southampton Water and Christchurch
Harbour (Mudeford Quay). The aim of this research project was to investigate how
changes in the abundance and dynamics of the dominant phylogenetic heterotrophic
bacteria populations relate to major physical‐chemical parameters during
phytoplankton bloom periods in the spring and summer months in these two
estuaries.
During 2013 in Southampton Water, the spring phytoplankton bloom occurred when
the water temperature was below 10°C whereas in Christchurch Harbour it occurred
at 14°C, and in the following years in Southampton Water at 14 °C and 15 °C, in 2014
and 2015, respectively. The spring bloom chlorophyll a concentrations in
Southampton Water never exceeded 10 µg L‐1 in all three years while in Christchurch
Harbour a major peak in spring 2013 reached 44 µg L‐1. Surface salinity in
Southampton Water showed a narrow range of 27‐33 whereas, at Mudeford Quay at
the entrance to Christchurch Harbour a much larger range was detected of 1.3‐22.
The concentration of inorganic nutrients detected between the two estuaries for
nitrate, phosphate and silicate had a much higher range in Christchurch Harbour
compared to Southampton Water reflecting the contribution from different river
sources. Identifying the biological components the influence of the physical‐chemical
controls affecting their dynamics and succession. The phytoplankton community in
Southampton Water was assessed from HPLC pigment analysis coupled with
microscopic counts, and indicated diatoms (Skeletonema sp., Thalassiosira sp., and
Chaetoceros sp.) dominated the spring bloom and dinoflagellates dominated summer
bloom with major species Scripsiella sp. and Prorocentrum sp.
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Nucleic acid staining (DAPI and SYBR Green I) was applied to 1% (PFA) preserved
water samples for total enumeration of bacterioplankton. A cytosense flow
cytometry slightly overestimated the concentration of bacteria compared to DAPI
cell counts determined using a fluorescent microscope mainly during the
phytoplankton spring and summer blooms but overall with significant correlation
between the two methods for Southampton Water and Christchurch Harbour (r =
0.87, r = 0.85, p <0.0001, n = 32 respectively). Fluorescence in situ hybridization
(FISH) with oligonucleotide probes was used to determine the abundance and
dominance of various heterotrophic bacteria groups in samples from both estuaries
and theses related to environmental conditions. Betaproteobacteria showed a strong
negative significant correlation with salinity (r = ‐0.95, p <0.0001, n = 29) in the two
estuaries indicating they favour fresh water systems. Alpha‐, and
Gammaproteobacteria were detected with variable significant correlation with
temperature and salinity. However, only a moderate correlation was observed
between the phylogenetic groups and Chl‐a concentrations highlighting the fact that
heterotrophic bacteria may utilize organic carbon from other sources in the
estuarine system. A principal component analysis (PCA), indicated temperature to
be the most influence on bacteria domain levels (Eubacteria and Euryarchaea).
Whereas, at phylogenetic class level proteobacterial phyla, salinity and Chl‐a were
the most influence on their abundance and succession.

ii

Table of Contents
Acknowledgements ................................................................................................... xviii
1.1 Estuarine ecosystems ...............................................................................................1
1.2 Physical‐chemical environmental parameters ...............................................3
1.2.1 SALINITY ...................................................................................................................................... 3
1.2.2 TEMPERATURE .............................................................................................................................. 3
1.2.3 LIGHT AND TURBIDITY..................................................................................................................... 4
1.2.4 ESTUARINE CIRCULATION ................................................................................................................. 5
1.2.5 NUTRIENTS ................................................................................................................................... 5

1.3 Microbial communities in estuaries ....................................................................7
1.3.1 PHYTOPLANKTON .......................................................................................................................... 7
1.3.2 BACTERIA ..................................................................................................................................... 9
1.3.3 THE EFFECT OF PHYSICAL‐CHEMICAL PARAMETERS ON ESTUARINE WATER COLUMN PROKARYOTIC MICROBIAL
COMMUNITIES ..................................................................................................................................... 13

1.3.4 THE INTERACTION OF MICROBIAL PLANKTONIC COMMUNITIES IN ESTUARIES ........................................... 15
1.3.5 MICROBIAL PLANKTONIC COMMUNITY’S ROLE IN THE BIOGEOCHEMICAL CYCLE IN THE MARINE ENVIRONMENT
......................................................................................................................................................... 17

1.4 Molecular tools for microbial ecology identification ................................. 18
1.5 Study sites description .......................................................................................... 21
1.5.1 SOUTHAMPTON WATER ............................................................................................................... 21
1.5.2 CHRISTCHURCH HARBOUR (MUDEFORD QUAY) ................................................................................ 21

1.6 Research hypothesis and outline ...................................................................... 24
1.6.1 RESEARCH AIM AND OBJECTIVES ..................................................................................................... 24
1.6.2 RESEARCH OUTLINE ...................................................................................................................... 25

Chapter 2: Methodology ............................................................................................... 27
2.1 Sampling strategy and sites ................................................................................. 27
2.1.1 SOUTHAMPTON WATER ............................................................................................................... 27
2.1.2 CHRISTCHURCH HARBOUR (MUDEFORD QUAY) ................................................................................ 27

2.2 Field measurements............................................................................................... 29
2.2.1 YSI MULTI‐PROBE ........................................................................................................................ 29
2.2.2 XYLEM DATA BUOY ...................................................................................................................... 29

iii

2.3 Nutrients .................................................................................................................... 30
2.4 Phytoplankton abundances................................................................................. 31
2.4.1 PIGMENT ANALYSIS ...................................................................................................................... 31
2.4.1.1 Fluorometric analysis of Chl‐a ........................................................................................ 31
2.4.1.2 High performance liquid chromatography (HPLC) .........................................................31
2.4.1 PHYTOPLANKTON IDENTIFICATION .................................................................................................. 33

2.5 Microbial planktonic communities enumeration and Identification ... 34
2.5.1 METHOD DEVELOPMENT ............................................................................................................... 34
2.5.1.1 CULTURE RECOVERY .................................................................................................................. 34
2.5.2 MICROBIAL PLANKTONIC POPULATION ENUMERATION ........................................................................ 34
2.5.2.1 Cell fixation and DAPI staining ....................................................................................... 34
2.5.2.2 Flow cytometry................................................................................................................ 36
2.5.3 FLUORESCENCE IN SITU HYBRIDIZATION (FISH) WITH OLIGONUCLEOTIDE PROBES ....................................38
2.5.3.1 Mono‐bacterial culture ................................................................................................... 38
2.5.3.2 Environmental samples (sea water) ............................................................................... 38

2.6 Statistical Analysis .................................................................................................. 41
Chapter 3: Monitoring the environmental parameters of surface waters in
two contrasting estuaries............................................................................................ 43
3.1 Results of physical parameters .......................................................................... 43
3.1.1 SOUTHAMPTON WATER ENVIRONMENTAL PARAMETERS..................................................................... 43
3.1.1.1 Physical parameters during the 2013 sampling program..............................................44
3.1.1.2 Physical parameters during the 2014 sampling program..............................................49
3.1.1.3 Physical parameters during the 2015 sampling program..............................................52
3.1.2 CHRISTCHURCH (MUDEFORD QUAY) HARBOUR ENVIRONMENTAL PARAMETERS 2013 ............................54

3.2 Results of chemical parameters: Inorganic nutrients................................ 57
3.2.1 SOUTHAMPTON WATER 2013 ....................................................................................................... 57
3.2.2 SOUTHAMPTON WATER 2014 ....................................................................................................... 58
3.2.3 SOUTHAMPTON WATER 2015 ....................................................................................................... 58
3.2.4 CHRISTCHURCH HARBOUR 2013 .................................................................................................... 61

3.3 Discussion .................................................................................................................. 64
Chapter 4: Investigation of microbial planktonic communities’ abundance
and structure ................................................................................................................... 73

iv

4.1 Results of phytoplankton abundances ............................................................ 73
4.1.1 HPLC PIGMENTS ANALYSIS ............................................................................................................ 73
4.1.2 MICROSCOPIC IDENTIFICATION ....................................................................................................... 77

4.2 Results of microbial planktonic abundances ................................................ 82
4.2.1 ESTIMATION OF THE TOTAL BACTERIOPLANKTON ABUNDANCES BY DAPI MICROSCOPIC COUNT ................. 82
4.2.1.1 Southampton Water sampling program ........................................................................ 82
4.2.1.2 Christchurch Harbour (Mudeford Quay) ........................................................................ 82
4.2.2 ESTIMATION OF THE TOTAL MICROBIAL PLANKTONIC ABUNDANCE BY FLOW CYTOMETRY .......................... 83
4.2.2.1 Method evaluation ......................................................................................................... 83
4.2.2.2 Field water samples ........................................................................................................ 85
4.2.2.2.a Southampton Water (year 2013) ............................................................................................. 85
4.2.2.2.b Christchurch Harbour .............................................................................................................. 88

4.2.3 COMPARING TOTAL BACTERIOPLANKTON TO CHL‐A AND TEMPERATURE ................................................ 90

4.3 Discussion .................................................................................................................. 93
Chapter 5: Investigation of the seasonal dynamics of dominant
phylogenetic bacterioplankton groups using Fluorescence In Situ
Hybridization (FISH) with oligonucleotide probes ......................................... 107
5.1 Results of method evaluation .......................................................................... 107
5.1.1 ASSESSING THE EFFICIENCY OF OLIGONUCLEOTIDE PROBES ON DIFFERENT MARINE BACTERIAL ISOLATES..... 107
5.1.2 RELATIVE ABUNDANCES OF PROTEOBACTERIA CLASSES ..................................................................... 113

5.2 Results of temporal succession of investigated proteobacteria groups
in comparison to different environmental parameters in the two estuaries
during 2013 ................................................................................................................... 121
5.2.1 COMPARING ABUNDANCE OF PROTEOBACTERIA WITH SALINITY.......................................................... 125
5.2.2 COMPARING ABUNDANCE OF PROTEOBACTERIA WITH TEMPERATURE.................................................. 129
5.2.3 COMPARING ABUNDANCE OF PROTEOBACTERIA WITH CHL‐A ............................................................. 133
5.2.4 CORRELATION BETWEEN DIFFERENT PHYLOGENETIC GROUPS OF PROTEOBACTERIA ................................ 149

5.3 Discussion ............................................................................................................... 152
GENERAL DISCUSSION ......................................................................................................................... 165

Chapter 6: Synthesis & Conclusions...................................................................... 168
6.1 CONCLUDING REMARKS ................................................................................................................. 168

v

List of References ........................................................................................................ 173
Appendix A .................................................................................................................... 191

vi

List of Tables
Table 2.1 Distribution of major accessory pigments for some
phytoplankton taxa as given by Barlow et al. (1993); Jeffrey
and Vesk (1997); Gibb et al. (2001).

33

Table 2.2 Oligonucleotide FISH probes, targeted
heterotrophic bacteria, sequence of the probes and
percentages of formamide in In Situ Hybridization buffers.

40

Table 2.3 NaCl concentration in the washing buffer according
to formamide% of the hybridization buffer (depending on
probe).

42

Table 4.1 Average count of Halomonas sp (+SD) by epi‐
fluorescence microscope using DAPI stain and Partec flow
cytometry. Two dilutions were used for 3 days old culture. 20
microscopic fields. SYBR Green I stain with (SWS), and (FWS).

84

Table 4.2 Average count of Halomonas sp (+SD), by epi‐
fluorescence microscope using DAPI stain and Cytosense flow
cytometry. Two dilutions were used for 3 days old culture. 20
microscopic fields. SYBR Green I stain with (SWS), and (FLY).

84

Table 5.1 Relative abundances (%) of different proportions of
monoculture bacterial isolates (Halomonas sp: Roseobacter
litoralis), with oligonucleotide probes detected by FISH.

108

Table 5.2 Environmental parameters measured during spring
and summer in Southampton Water (March‐August), 2013.

122

Table 5.3 Environmental parameters measured during spring
and summer in Christchurch Harbour (April‐August), 2013.

124

Table 5.4 Average count of different phylogenetic bacterial
taxa in Southampton Water (March‐ August). Average cell
counts (x106 ml‐1) calculated to total DAPI stained cells. 30‐
45 fields were counted. Pearson’s correlation calculated.

141

Table 5.5 Average count of different phylogenetic bacterial
taxa in Southampton Water (March‐ August). Average cell
counts (x106 ml‐1) calculated to total DAPI stained cells. 30‐
45 fields were counted. Pearson’s correlation calculated.

143

Table 5.6 Principal component analysis (PCA) results for the
bacterial groups (Eubacteria and Euryarchaea), and
environmental parameters (temperature, fluorometric Chl‐a

145

vii

concentrations, and salinity) mostly contributed to the
variances in Southampton Water for three years.
Table 5.7 Principal component analysis (PCA) results for the
bacterial groups (γ‐proteobacteria, α‐proteobacteria, β‐
proteobacteria)
and
environmental
parameters
(temperature, fluorometric Chl‐a concentrations, and
salinity) mostly contributed to the variances in Southampton
Water for three years.

145

Table 5.8 Principal component analysis (PCA) results for the
bacterial groups (Eubacteria and Euryarchaea), and
environmental parameters (temperature, fluorometric Chl‐a
concentrations, and salinity) mostly contributed to the
variance in Christchurch Harbour, 2013.

147

Table 5.9 Principal component analysis (PCA) results for the
bacterial groups (γ‐proteobacteria, α‐proteobacteria, β‐
proteobacteria),
and
environmental
parameters
(temperature, fluorometric Chl‐a concentrations, and
salinity) mostly contributed to the variance in Christchurch
Harbour, 2013.

147

Table 5.10 Relative abundances (expressed as percentages
%) of most dominant proteobacteria groups in surface water
in the present study and other studies, detected by
oligonucleotide FISH probes targeted r‐RNA or CARD‐FISH, on
different marine aquatic environments. (ND) not done in the
mentioned study.

157

Table A.1 Total bacterioplankton abundance estimates by
cytosense and DAPI stain in Southampton Water (March‐
November) 2013.

191

Table A.1 Total bacterioplankton abundance estimates by
cytosense and DAPI stain in Christchurch Harbour (April‐
November) 2013.

192

viii

List of Figures

Figure 1.1 Diagram showing the standard estuary definition
with its three sections: fluvial (upper), middle and marine
(lower) estuary (Piccolo and Perillo, 2011).
Figure 1.2 Seasonal pattern of (A) diatoms, (B)
dinoflagellates, and (C) heterotrophic dinoflagellates
average cell number over 15‐year time series at the Western
English Channel (Station L4 in the Western Channel
Observatory maintained by Plymouth Marine Laboratory),
the black line is average cell number and shaded grey area
indicates the standard deviation. (Modified from
Widdicombe et al., 2010.)
Figure 1.3 Heterotrophic bacterial community composition
free‐living at the top and attached‐bacteria at the phylum
and subphylum levels detected by clone libraries analysis
that divided into estuaries clone (in the top middle), clones
similar to those in rivers (top right), clones similar to oceans
(top left). Modified from Crump et al. (1999).
Figure 1.4 Southampton Water and Christchurch Harbours,
and their major tributaries. Both sampling locations, FNES
Monitoring Buoy in Southampton Water, and Mudeford Quay
in Christchurch Harbour are indicated. Figure created using
Ordnance Survey’s Digimap service by Hachem Kassem
Figure 2.1 UK map showing the positions of weekly sample
collection locations in (A) Southampton Water near FNES
monitoring buoy (50⁰ 52. 260 N, 01⁰ 22.378 W), and (B)
Christchurch (Mudeford Quay) Harbour (50º 43' 4133 N, 1º
44' 5378 W) (Source: Esri, 2015).
Figure 2.2 (A) A FNES monitoring buoy in Southampton
Water located at (50⁰ 52. 260 N, 01⁰ 22.378 W) and (B) YSI
6600 multiprobe with all optical sensors used in the present
study.
Figure 2.3 Cytosense machine setup (SFCM; Cytobuoy© b.v.,
Netherlands), connected to laptop for analysing data by
Cytoclus© software (version 2014, Cytobuoy).
Figure 3.1 Time series of water column parameters;
temperature, salinity and oxygen saturation, measured by
YSI 6600 and extracted fluorometric Chl‐a, and
Environmental Agency data from Hound buoy (in red
diamond) in Southampton Water March‐November, 2013.
Outliers have been removed from the oxygen saturation

2

9

12

23

28

30

35

46

ix

data. Oxygen saturation sensor stopped working between
21/3‐12/4/2013.
Figure 3.2 Contour plots showing the vertical profile (0‐8
meters) of physical parameters measured in Southampton
Water (February‐November), 2013 (A) Temperature °C; (B)
Salinity; and (C) Oxygen saturation %.
Figure 3.3 Time series of environmental parameters
measured by the Xylem data buoy with EXO2 sonde at 1m
below the surface, YSI 6600 sonde, and Environment Agency
data from Hound buoy (in red diamond) for temperature,
salinity, oxygen saturation, and turbidity in Southampton
Water May‐October, 2014. Vertical red lines indicate water
sampling date near data buoy and red dots indicate
measured values by YSI 6600 multiprobe. Fluorometric
extracted Chl‐a concentrations are compared to Xylem data
buoy chlorophyll sensor data. Data removed from 30th of
June‐ 24th of July due to fouling and sensor inactivity. Water
sampling stopped between July and August.
Figure 3.4 Time series of environmental parameters
measured by the Xylem data buoy with EXO2 sonde at 1m
below the surface, YSI 6600 sonde, and Environmental
Agency data from Hound buoy (in red diamond) for
temperature, salinity, oxygen saturation, and turbidity in
Southampton Water February‐August, 2015. Vertical red
lines indicate water sampling date near data buoy and red
dots indicate measured values by YSI 6600 multiprobe.
Fluorometric extracted Chl‐a concentrations are compared
to Xylem data buoy chlorophyll sensor data. Chl‐a
fluorescence data and turbidity from the EXO2 sonde has
been removed from 29/3 to 8/4/2015 due to fouling of
optical sensors. Water sampling from April‐August, 2015.
Figure 3.5 Time series of environmental parameters;
temperature, salinity, oxygen saturation, and fluorometric
extracted Chl‐a for both estuaries. Temperature, salinity and
oxygen saturation measured by YSI 6600 probe/ Exo2 sonde
between February‐November, 2013. (A) Southampton
Water, (B) Christchurch (Mudeford Quay) Harbour.
Additional box plots shown‐ with median, quartiles, and
outliers.
Figure 3.6 Temporal changes of extracted fluorometric Chl‐a
concentration, and inorganic nutrients: nitrate, phosphate
and silicate in Southampton Water (A) 2013 February‐
November (B) May‐November (2014). (C) April‐August,
2015. In 2014 Water sampling stopped (July‐August).

47

48

51

53

56

x

Figure 3.7 Comparison between investigated nutrient
average concentrations and salinity in (A) nitrate and
salinity Southampton Water in (2013, 2014, and 2015)(B)
nitrate and salinity in Southampton Water and Christchurch
Harbour (March‐November), 2013, (C) phosphate and
salinity (2013, 2014, and 2015), and (D) silicate and salinity
in Southampton Water (2013, 2014, and 2015).
Figure 3.8 Comparison between extracted Chl‐a
concentrations and NO3 concentrations in (A) Southampton
Water and Christchurh Harbour (April‐August), 2013 and
(B) Southampton Water (2013, 2014, 2015).
Figure 3.9 Temporal changes of fluorometric Chl‐a
concentrations, and inorganic nutrients concentrations:
nitrate (NO3), phosphate (PO4), and silicate (Si) in
Christchurch Harbour (Mudeford Quay) April‐November
(2013).
Figure 3.10 Comparison between extracted Chl‐a
concentrations and nutrients in Southampton Water and
Christchurch Harbour (A) Chl‐a & NO3 in the two estuaries,
(B) Chl‐a & PO4 in both estuaries, and (C) Chl‐a & Si in both
estuaries.
Figure 3.11 Comparison between extracted Chl‐a
concentrations and nutrients in Southampton Water and
Christchurch Harbour (A) Chl‐a & NO3 in the two estuaries,
(B) Chl‐a & PO4 in both estuaries, and (C) Chl‐a & Si in both
estuaries.
Figure 4.1 Temporal distributions of major accessory
pigments detected by HPLC: Chl‐a, fucoxanthin, peridinin
and alloxanthin concentrations in Southampton Water (A)
March‐November, 2013, (B) May‐November, 2014. Summary
box plots with each accessory pigments showing quartiles,
median, and outliers.
Figure 4.2 Correlation of extracted Chl‐a between HPLC and
fluorometer measurement method in Southampton Water
for 2013 (March‐November), 2014 (May‐November), 2015
(April‐August). Dashed line is 1:1. Solid line is regression
line.
Figure 4.3 Phytoplankton microscopic counts of dominant
groups:
Diatoms,
Dinoflagellates,
Cryptomonads,
Haptophytes, and ciliates in Southampton Water in (A)
March‐ November, 2013 (B) May‐November 2014 (C) April‐
August 2015. Box plot for each year showing phytoplankton
counts median, quartiles, and outliers.
Figure
4.4
Correlation
between
HPLC
pigment
concentrations and microscopic counts of each dominant

59

60

62

63

71

75

76

79

81

xi

phytoplankton group in Southampton Water, in 2013, 2014,
and 2015 (A) Fucoxanthin and Diatoms, (B) Peridinin and
dinoflagellates, and (C) Cryptomonads and Alloxanthin.
Figure 4.5 Cytograms showing bacterioplankton population
measured on Total, FLY (yellow fluorescence) and Total, SWS
(sideway scatter) detected by Cytosense in Southampton
Water (A) on 3/7/2013 (B) on 26/4/2013. The mean (μ) and
standard deviation (σ) are shown.
Figure 4.6 Correlation between the average cell counts
enumerated by microscopic DAPI stain and (A) flow
cytometer ʺPartecʺ (B) Cytosense with standard errors of
total bacterioplankton population, in Southampton Water,
March‐November 2013. Dashed line is 1:1. Solid line is
regression line.
Figure 4.7 Correlation between the average cell counts with
(standard errors) by microscopic DAPI stain and Cytosense
for total bacterioplankton population in Christchurch
(Mudeford Quay) Harbour, April‐ November 2013. One
outlier removed. Dashed line is 1:1. Solid line is regression
line.
Figure 4.8 Cytograms showing bacterioplankton population
measured on Total, FLY (yellow fluorescence) and Total, SWS
(sideway scatter) detected by Cytosense in Christchurch
Harbour (A) on 16/4/2013 and (B) on 6/6/2013. The mean
(μ) and standard deviation (σ) are shown.
Figure 4.9 Time series of Chl‐a concentrations and total
bacterioplankton cell counts detected by DAPI in
Southampton Water (A) March‐November 2013, (B) May‐
November 2014, and (C) April‐August 2015 and (D)
Christchurch Harbour April‐November 2013.
Figure 4.10 Comparison between temperature and total
DAPI count of bacterioplankton in (A) Southampton Water
and Christchurch Harbour, 2013, and (B) Southampton
Water during 2013, 2014, and 2015.
Figure 4.11 Box plots showing the median, quartiles, and
outliers in the two estuaries Southampton Water (SW) from
March‐November, 2013; and Christchurch Harbour (CH)
from April‐November, 2013 for (A) Chl‐a concentration, and
(B) DAPI count of bacterioplankton population.
Figure 4.12 comparisons total bacterioplankton count by
DAPI stain and Chl‐a for (A) Southampton Water and
Christchurch Harbour, 2013 and (B) in Southampton Water
for (2013, 2014, and 2015).
Figure 5.1 Relative abundances of hybridized cells to total
DAPI stained cells, (A) Three test mixtures of Halomonas sp

86

87

89

89

91

92

103

104

109

xii

and Roseobacter litoralis hybridised with EUB338I‐III,
GAM42a, and ALF968. Percentages calculated compared to
DAPI stained cells. (B) Two mixtures of Halomonas sp and
Roseobacter litoralis with unknown proportions detected by
EUB338I‐III, and GAM42a positive hybridized percentages
calculated compared to DAPI stained cells count.
Figure 5.2 Microscopic images of hybridized cells with
oligonucleotide probes from Christchurch Harbour on
20/8/2013 (A) DAPI stained cells (B) hybridized cells by
SAR11 (SAR11‐152 and SAR11‐542) mixed probes. Identical
microscopic fields visualized using epifluorescent
microscopy, Scale bar = 2µm. Dashed circles show some
examples of hybridized cells. Each colour indicates an
identical field.
Figure 5.3 Microscopic images of hybridized cells with
oligonucleotide probes from Christchurch Harbour on
2/8/2013 (A) DAPI stained cells (B) hybridized cells by
EUB338I‐III probe. Identical microscopic fields visualized
using epifluorescent microscopy, Scale bar= 2µm. Dashed
circles show some examples of hybridized cells. Each colour
indicates an identical field.
Figure 5.4 Microscopic images of hybridized cells with
oligonucleotide probes from Southampton Water on
3/5/2013 (A) DAPI stained cells (B) hybridized cells by
ALF968 probe. Identical microscopic fields visualized using
epifluorescent microscopy, Scale bar= 2µm. Dashed circles
show some examples of hybridized cells. Each colour
indicates an identical field.
Figure 5.5 Temporal changes of Eubacteria and Euryarchaea
by oligonucleotide FISH probes by (EUB338I‐III), (EURY806)
compared to DAPI stained cell in (A) Southampton Water
(March‐August) 2013, (B) Christchurch Harbour 2013
(April‐August), (C) Southampton Water (April‐ August
2014), and (D) Southampton Water 2015 (May‐June). ‘Other
bacteria’ refers to groups undetected by theses probes.
Additional box plots showing; median, quartiles and
outliers.
Figure 5.6 Correlation between total Eubacteria and
Euryarchaea detected by FISH to total DAPI count in
Southampton Water and Christchurch Harbour, (April‐
August), 2013. Dotted line is 1:1. Solid line is regression line.
Figure 5.7 Time series of stacked bars showing average cell
counts of γ‐proteobacteria (GAM42a), α‐proteobacteria
(ALF968), β‐proteobacteria (BET42a), in (A) Southampton
Water (March‐August), 2013 (B) Christchurch Harbour

110

111

112

116

118

119

xiii

(April‐August), 2013 (C) Southampton Water
(April‐
August), 2015. Additional box plots shown‐with median,
quartiles, and outliers.
Figure 5.8 Box plots of average cell counts of SAR11 (clades
152R and 542) and Roseobacter sp in (A) Southampton
Water (March‐August) 2013, (B) Christchurch Harbour
(April‐August) 2013, (C) Southampton Water (May‐June)
2014, (D) Southampton Water (April‐August) 2015 in
comparison to α‐proteobacteria counts.
Figure 5.9 Time series of β‐proteobacteria cell count
detected by FISH and compared to salinity, in (A)
Southampton Water and (B) Christchurch Harbour during
(April‐August) 2013.
Figure 5.10 Correlations between salinity and (A) β‐
proteobacteria, (B) γ‐proteobacteria and (C) α‐
proteobacteria average cell counts detected by
oligonucleotide FISH probes in Southampton Water &
Christchurch Harbour during (April‐August), 2013.
Regression lines are shown for the Christchurch Harbour
data.
Figure 5.11 Comparisons between salinity and (A) β‐
proteobacteria (B) γ‐proteobacteria (C) α‐proteobacteria
and clades of α‐proteobacteria (D) SAR11, and (E)
Roseobacter sp detected by FISH oligonucleotide probes in
Southampton Water during 2013 (April‐ August) 2013,
(May‐June) 2014, and (April‐August) 2015.
Figure 5.12 Correlations between temperature and average
cell counts of Eubacteria and Euryarchaea during the three
years (2013, 2014, and 2015), and during 2013 in
Southampton Water and Christchurch Harbour, (A)&(B)
Eubacteria, and (C)&(D) Euryarchaea. Solid line is regression
line.

120

126

127

128

130

Figure 5.13 Comparisons between temperature and average
cell counts of (A) γ‐proteobacteria, (B) α‐proteobacteria, and
(C) β‐proteobacteria in Southampton Water and
Christchurch Harbour during April‐August, 2013.

131

Figure 5.14 Comparison between temperature and average
cell counts of (A) β‐proteobacteria, (B) γ‐proteobacteria, and
(C) α‐proteobacteria (D) SAR11, (E) Roseobacter sp, in
Southampton Water 2013 (April‐August) 2013, (May‐June)
2014, and (April‐August) 2015.
Figure 5.15 Time series of γ‐proteobacteria (GAM42a), α‐
proteobacteria (ALF968), and β‐proteobacteria (BET42a) to
DAPI stained cells to fluorometric extracted Chl‐a

132

135

xiv

concentrations in (A) Southampton Water 2013(March‐
August), (B) Christchurch Harbour (April‐August). (1), (2),
and (3) indicate the pre‐, bloom, and post bloom periods,
respectively.
Figure 5.16 Time series of γ‐proteobacteria (GAM42a), α‐
proteobacteria (ALF968), and β‐proteobacteria (BET42a) to
DAPI stained cells compared to Chl‐a concentrations
measured by Xylem data buoy with EXO2 sonde in
Southampton Water (A) May‐June, 2014; (B) April‐August,
2015. (1), (2), and (3) indicate the pre‐, bloom, and post
bloom periods, respectively.
Figure 5.17 Comparisons between Chl‐a concentrations and
(A) β‐proteobacteria (B)
γ‐proteobacteria (C) α‐
proteobacteria and clades of a‐proteobacteria (D) SAR11,
and (E) Roseobacter sp detected by FISH oligonucleotide
probes in Southampton Water during 2013 (April‐August)
2013, (May‐June) 2014, and (April‐August) 2015.
Figure 5.18 Comparisons between Chl‐a concentrations and
clades of γ‐proteobacteria, α‐proteobacteria and β‐
proteobacteria average cell counts in Southampton Water
(April‐August) in (A) 2013, (B) 2014, and (C) 2015. Solid Line
in (C) is regression line for Christchurch Harbour.
Figure 5.19 Comparisons between (A) β‐proteobacteria (B)
γ‐proteobacteria average cell count of positive cells detected
by and diatoms average count by microscopic identification
in Southampton Water (March‐August) 2013. Solid line is
regression line.
Figure 5.20 Principal component analysis (PCA) showing
effect of environmental parameters on different bacterial
groups detected by FISH in Southampton Water (A)
Environmental parameters with γ‐proteobacteria, α‐
proteobacteria, and β‐proteobacteria. (B) Environmental
parameters with Eubacteria and Euryarchaea.
Figure 5.21 Principal component analysis (PCA) showing
effect of environmental parameters on different bacterial
groups detected by FISH (A) Environmental parameters with
γ‐proteobacteria, α‐proteobacteria, and β‐proteobacteria.
(B) Environmental parameters with Eubacteria and
Euryarchaea.
Figure 5.22 Comparisons average cell counts detected by
FISH probes between classes of proteobacteria during the
2013, 2014 and 2014 in Southampton Water (A) γ‐
proteobacteria & β‐proteobacteria (B) γ‐proteobacteria & α‐
proteobacteria, in Christchurch Harbour (C) γ‐
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Chapter 1: Introduction
1.1 Estuarine ecosystems
Estuaries are considered to be among the world’s most productive, biodiverse,
and dynamic ecosystems (Simestad and Yanagi, 2011). The health of such areas
is crucially important for the quality of ecosystem services they provide,
including provision of food and freshwater, nutrient cycling, water regulation,
primary production, as well as their cultural and recreational benefits (de Groot,
2011). Studying the dynamics of coastal seas and estuaries is key to
understanding and managing such environments, especially with increasing
stresses and more commonly occurring problems such as harmful algal blooms,
coastal erosion, decrease of biodiversity and fish catch, fish mutation,
eutrophication, mangrove forest destruction, massive explosion of jelly‐fish
blooms, breaking and bleaching of the coral reefs and more frequent storms and
tsunamis (Telesh, 2004; Livingston, 2007; Umezawa et al., 2009; Paerl and Justic,
2011; Simenstad and Yanagi, 2011). Investigations need to assess how the
physical characteristics (temperature, salinity, water‐column mixing, currents)
and chemical properties (nutrients, dissolved oxygen concentration, pH)
influence the biological components (dominant algae, phytoplankton, sea
grasses, planktonic bacteria) of estuaries (; Simestad and Yanagi, 2011; Lancelot
and Muylaert, 2011). For instance, estuarine planktonic bacteria, the subject of
this study, are a key component in carbon transformation and nutrient recycling
in estuaries and coastal seas.
1.1.1 Definition of an estuary
Many attempts to define estuaries exist as the term ‘estuary’ emanated from the
Latin word ‘aestuarium’, which means tides. However, this terminology is
considered limited in that many estuaries appear tide‐less, like the Danube Delta
that discharges into the Black Sea (Whitfield and Elliott, 2011). Cameron and
Pritchard (1963) defined an estuary as a semi‐enclosed and coastal body of water
with a free communication to the ocean and within which saltwater is diluted by
freshwater inputs derived from the land. Dionne (1963) expands on this
definition stating:
1

‘an estuary is an inlet of the sea, reaching into the river valley as far as the upper
limit of tidal rise, usually divisible into three sectors: (a) a marine or lower estuary,
in free connection with the open sea; (b) a middle estuary subject to strong salt and
freshwater mixing; and (c) an upper or fluvial estuary, characterized by freshwater
but subjected to daily tidal action’.
This definition, based upon water column structure or salt balance is illustrated
in Figure 1.1. However, Potter et al. (2010) argued that such definitions were
describing characteristics of the temperate estuaries in the northern hemisphere
and a more generic definition would be:
“An estuary is a partially enclosed coastal body of water that is either permanently
or periodically open to the sea and which receives at least periodic discharge from
a river(s), and thus, while its salinity is typically less than that of natural sea water
and varies temporally and along its length, it can become hypersaline in regions
when evaporative water loss is high and freshwater and tidal inputs are negligible”.

Figure 1.1 Diagram showing the standard estuary definition with its three
sections: fluvial (upper), middle and marine (lower) estuary (Piccolo and Perillo,
2011).

2

1.2 Physical‐chemical environmental parameters
The estuarine ecosystem is affected by many controlling environmental factors.
In particular, the mixing of water masses affect both chemical (i.e. salinity,
organic carbon, dissolved oxygen and nutrients) and biological gradients.
Microbial plankton (including heterotrophic bacteria, autotrophic bacteria, and
phytoplankton) exposed to these gradients will form varying patterns of activity
and abundance through a combination of physical factors (i.e. salinity,
temperature, light, tides, flushing and mixing), resource availability, and grazing
(both benthic and pelagic) or viral infection (Middelboe et al., 1996). These are
discussed in brief as examples of major controlling environmental factors in
estuaries.
1.2.1 Salinity
Salinity is an important influence on the survival and distribution of estuarine
organisms due to it being the most effective variable that defines an estuary
(Telesh and Khlebovich, 2010). In an estuary there usually exists a spatial,
longitudinal variability with salinity ranging from 0 at the river end to around 34
at the mouth (where the estuary meets the sea). The salinity can vary seasonally
due to changes in freshwater input from rivers which can affect the current speed
of river water entering the estuary, and the way freshwater mixes with saltwater
entering with rising tides, together with topography of the estuary, can produce
estuaries of different vertical salinity structures. This has promoted an estuarine
classification based on the salinity profile (Kaiser et al., 2011).
1.2.2 Temperature
Water temperature as a fundamental environmental parameter has a major
influence on estuarine ecology and has been shown to have a major impact on
marine bacterial diversity, primary production and plant growth (White et al.,
1991; Mohit et al., 2014; Xie et al., 2015). Elevated temperatures appeared to
favour the growth of heterotrophic bacteria rather than directly affecting
phytoplankton growth (Wohlers‐Zollner et al., 2012; Mohit et al., 2014; Lucas et
al., 2015). Moreover, elevated temperatures have been associated with more
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readily available nutrient concentrations and dissolved organic matter thereby
providing further resources for increased bacterial growth rates (Kirchman et al.,
2005; Kaiser et al., 2011; Degerman et al., 2013; Lucas et al., 2015). Climate
change and global warming will cause increases in temperature and precipitation
in Northern Europe that may lead to more continual storms and heavy rainfall
(Degerman et al., 2013; Xie et al., 2015) with consequent effects on estuarine
ecology.
1.2.3 Light and turbidity
In the marine environment, light availability is usually the critical resource that
triggers the beginning of the spring bloom (Townsend et al., 1994). In the open
ocean, variability in light attenuation is dominated by the contribution from
phytoplankton (Simpson and Sharples, 2012). In shelf seas and particularly
estuaries, light availability is further affected by riverine sources of organic
material as well as the re‐suspension of sediments from the seabed (Domingues
et al., 2010). The growth of phytoplankton in estuaries, is regulated by light,
macro‐nutrient availability, and losses through grazing, viral lysis and sinking
(Cloern, 1996; Simpson and Sharples, 2010). In turbid estuaries, light limitation
may counteract stimulation of primary production by excess nutrients (Canion et
al., 2013). Indeed, phytoplankton response to nutrient fluxes may change
depending on the light dynamics within the estuarine system caused by changes
in turbidity levels including the presence of large algal biomasses which can limit
light penetration (Lancelot and Muylaert, 2011). High rates of biomass exported
from estuaries with short residence time may prevent the long‐term biomass
increase observed in eutrophic estuaries (Pennock and Sharp, 1986). A study by
Iriarte and Purdie (2004) on the factors controlling the major spring bloom
events in the Solent, a large water body on the south coast of England, showed
that over the 5 years of study (1998‐2003) the water column transparency was
the main factor controlling the timing of the first major spring bloom. Although
fresh water input can trigger spring blooms in some estuaries (Cloern, 1996),
Iriarte and Purdie (2004) showed that chlorophyll a concentrations increased as
the turbidity decreased and thus the water became more transparent, assisting
the onset of the spring bloom.
4

1.2.4 Estuarine circulation
Estuarine water circulation is an important physical factor controlling ecological
processes and transport of sediments, and nutrients circulation (Day et al., 2013).
It is defined by residual time movement that controlled by the energy from either
solar heating or gravitational attraction between moon and sun, wind stress,
density gradients, riverine discharge influencing the microbial planktonic
distribution and abundance (Kaiser, 2011; Whitfield and Elliott, 2011; Simpson
and Sharples, 2012; Day et al., 2013).Despite the fact that there are many
mechanisms involved in phytoplankton bloom initiation, the physical processes
of vertical mixing and water column stability can promote episodes of fast
biomass increase (Cloern, 1991; Kirchman, 2012). Accordingly, phytoplankton
blooms influence the population dynamics of pelagic and benthic grazers (Gilbert
et al., 2012; Degerman et al., 2013), bacteria (Hoppe et al., 2008; Moran et al.,
2013), and the biogeochemical changes of elements such as oxygen, carbon,
nitrogen, phosphorus and silicate (Hydes, 2000; Mackenzie et al., 2011; Statham,
2012).
1.2.5 Nutrients
Nutrients (carbon, nitrogen, phosphorus, silicon, and trace elements) are
essential for the growth of phytoplankton (Paerl and Justice, 2011). Nitrogen and
phosphorus promote the onset of phytoplankton primary production during
spring time in UK estuaries (Hydes, 2000; Maier et al., 2012). Nitrogen however,
is often limiting to phytoplankton growth in marine waters while phosphorus can
be limiting in freshwaters (Nedwell et al., 2002; Voss et al., 2011; Cira et al.,
2016). Generally, the mixing between fresh riverine water and the coastal marine
waters within the estuary affects the biogeochemical dynamics and cycling of
inorganic carbon, nitrogen, phosphorus, silicate and oxygen (Mackenzie et al.,
2011; Gypens et al., 2013). Although rivers are a potential source of nutrient
input, anthropogenic activities (agricultural inputs or wastewater discharge), or
natural origins such as sediments and upwelling (Jickells et al., 2014) may also
contribute significant amounts of nutrients to coastal waters. To better
understand the biogeochemical processes of

nutrients, the biological
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(phytoplankton and bacteria) interaction and abiotic factors like suspended
particulate matter and other physical and chemical factors must be considered
(Statham, 2012). The massive enrichments of the water column with nutrients,
especially nitrogen and phosphorus, can lead to eutrophication, defined as the
rapid growth of algae and associated biomass disrupting the water column
system (Statham, 2012). Eutrophication is a global concern causing harmful algal
blooms and fish kill (Howarth and Marino, 2006, Painting et al., 2007; Statham,
2012). Nedwell et al. (2002) studied elevated nitrification due to nutrient loading
from sewage discharge and urbanization as a major concern in 20 estuaries in
UK. The study reported that UK estuaries are receiving small annual nutrient
loads when compared to other European and North American estuaries.
Southampton Water has been classified as a hyper‐nutrified estuary with an
important industrial and urbanized port with reported total nitrate/nitrite
loading of 17.9 Mmoles y‐1 (Mmoles y‐1: moles x 106 per year), amounting to ~8%
of the total load, with a riverine input of 210 Mmoles y‐1. Christchurch Harbour is
similarly hyper‐nutrified, albeit primarily nitrate load from fluvial sources (468.7
Mmoles y‐1) with only 2.8% arising from sewage treated water effluent (Nedwell
et al., 2002). A mesocosm study by Cira et al. (2016) reported that phytoplankton
bloom dynamics could be limited by nitrogen during summer, while it had a
minimum effect during winter and spring emphasizing the effect of other
physicochemical factors during summer. Phosphates in Southampton Water are
mostly derived from sewage treated effluent (Hydes, 2000) whilst in
Christchurch Harbour, these were predominantly from riverine inputs (Hydes,
2000; Nedwell et al., 2002). A study by Hydes and Wright (1999) estimated
concentrations of phosphate and nitrate input in Southampton Water from
sewage discharge around (3.3 kg y‐1 of nitrogen and 0.4 kg y‐1 of phosphorus).
Nedwell et al. (2002), nonetheless, point out that the impact of nutrient loading
on an estuary is a function of the residence time and fresh‐water flushing; as well
as the summer/winter growth seasons and the presence of algae.
Planktonic bacteria also play a crucial role in nutrient recycling in coastal and
estuarine waters besides phytoplankton uptake of nutrients. For better
understanding of the bacterial community composition abundances and shifts

6

between different phylogenetic taxa, all the physical‐chemical factors should be
considered. The effects of physical and chemical parameters on microbial
communities, as well as the interaction between phytoplankton and bacteria, and
the role of the latter on the biogeochemical cycle in coastal waters are considered
in the following section.

1.3 Microbial communities in estuaries
1.3.1 Phytoplankton
An essential role played by phytoplankton in the aquatic system is capturing
energy from sunlight and converting it into organic carbon in addition to taking
up nutrients (N, P, and Si) highlighting their fundamental contribution to the food
web. In estuarine waters and during the spring season, the fast growth rate of
phytoplankton, which may double in cell number daily, together with elevated
levels of nutrient flux from rivers and anthropogenic sources, increase the
phytoplankton biomass compared to low abundances in winter, causing the well‐
known natural phenomena of ‘blooms’ (Cloern, 1996; Telesh, 2004; Carstensen
et al., 2007; Paerl and Justic 2011; Kirchman, 2012).
The phytoplankton bloom in temperate waters is a natural phenomenon defined
as rapid increase phytoplankton biomass and productivity, usually occurring in
early spring and lasting until early summer (Carstensen et al., 2007; Kirchman,
2012). Blooms may be repetitive seasonal events that usually last for periods of
weeks (Cloern, 1996). Phytoplankton bloom vary temporally and spatially in
temperate estuaries and are controlled by many physical and chemical factors
(Boyer et al., 2009; Thyssen et al., 2014; Hitchcock and Mitrovic, 2015). The
increase in surface light and freshwater input of essential nutrients (NO3, PO4)
trigger the onset of phytoplankton growth in spring (Sylvan et al., 2006;
Livingston 2007; Saeck et al., 2013). Cloern. (1996) indicated that in low‐light
waters the growth and productivity of phytoplankton increased with nutrient
availability. Temperate estuaries are usually nutrient rich aquatic systems,
supporting the growth of diatoms rather than dinoflagellates, except for special
events dominated by often toxic dinoflagellate species in some estuaries
(Carstensen et al., 2007).
7

A study by Widdicombe et al. (2010) at the coastal L4 station (Western Channel
Observatory

maintained

by

Plymouth

Marine

Laboratory)

presented

phytoplankton community structure and abundance over 15 years of weekly
water samples between 1992 and 2007. The study indicated the seasonal
patterns of long term changes in species level of different phytoplankton phyla,
and highlighted the succession of diatom blooms in early spring which shifted to
dinoflagellate in summer as seen in Figure 1.2. A distinct seasonal pattern in
abundance of different phytoplankton groups occurred, with substantial inter‐
annual variability in composition of these communities. Figure 1.2, shows
average

cell

numbers

of

diatoms,

dinoflagellates

and

heterotrophic

dinoflagellates over the period of the study. The study was also concerned with
the seasonal pattern within long term studies of species of different
phytoplankton phyla, and highlighted the succession of diatom blooms
dominated by Pseudo‐Nitzschia and Chaetoceros sp. in early spring which shifted
to dinoflagellates dominated by Prorocentrum sp. and Scripsiella sp. in summer.
Widdicombe et al. (2010), argue that such long ‐term trends (shifts from diatom
dominance to other groups) may have significant ecological consequences and
could alter the structure and function within the ecosystem with implications for
fisheries and human health.
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(A)

(B)

(C)

Figure 1.2 Seasonal pattern of average cell number of (A) diatoms, (B)
dinoflagellates, and (C) heterotrophic dinoflagellates over 15‐year time series at
the Western English Channel (Station L4 in the Western Channel Observatory
maintained by Plymouth Marine Laboratory), the black line is average cell
number and shaded grey area indicates the standard deviation (modified from
Widdicombe et al., 2010).
1.3.2 Bacteria
Heterotrophic bacteria are key components in aquatic ecosystems due to their
vast biodiversity and ability to adapt to extreme environments, as well as their
vital role in the biogeochemical cycling of carbon, nitrogen, phosphorus and
sulphur (Zubkov et al., 2000, 2002; Kopylov et al., 2012; Gomez‐Pereira et al.,
2013; Pearman et al., 2016). Azam et al. (1983) described the dynamics of
commensalism, competition and predation between marine heterotrophic
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bacteria, phytoplankton, flagellates and micro‐zooplankton and the elements
cycling through the ‘microbial loop’. Bacterioplankton are often grouped into
free‐living and particle attached‐bacteria. Generally, depending on the aquatic
habitat, one group outnumbers the other (DeLong et al., 1993; Crump et al.,
1999). For instance, in waters with high concentrations of particles, attached‐
bacteria dominate whilst in the euphotic zone the free‐living bacteria are more
abundant and are responsible for the majority of bacterial production (Crump et
al., 1999; Jing and Lui, 2012; Brablcova, et al., 2013; Mohit et al., 2014). Estuarine
waters tend to have a higher bacterial abundance than the open ocean due to the
availability of organic and inorganic nutrients through riverine discharges with
increases especially in spring and summer time. Crump et al. (1999) investigated
the heterotrophic bacterial diversity of both attached and free‐living bacteria in
the Columbia River, its estuary, and the adjacent coastal waters, by clone libraries
indicating a diverse mixture of riverine, and coastal ocean microbial communities
(Figure 1.3). The aforementioned study indicated that half of the free‐living
bacteria clones belong either to freshwater or seawater, and estuaries are mixing
zones where free‐living clone communities are washed in rather than developing
in the estuary. The particle attached bacterial clones exhibited the same mixing
of the river and coastal waters in addition to uniquely estuarine clones. Different
bacterial phyla found in estuaries are largely dominated by the proteobacteria
phylum (Glockner et al., 1999; Kirchman, 2012). A number of studies have
observed the classes Alpha‐, Beta‐, and Gamma‐proteobacteria, to be most
abundant, with variability depending on the geography and physical‐ chemical
parameters of the estuary (Schweitzer et al., 2001; Burkert et al., 2003; Hewson
and Fuhrman., 2004; Tada et al., 2011; Barros et al., 2014). The changing of
physical and chemical environmental factors during different seasons, support
the growth of certain bacterial communities at different taxonomic levels (Lefort
and Gasol, 2013). Moreover, bacterial abundances and activities have been
shown to respond to the changing environmental parameters during different
seasons (Nikard et al., 2012). However, archaea were indicated in many studies
as an allochthonous group and were a small fraction of the prokaryote
communities in estuaries (DeLong, 1992; Karner et al., 2001; del‐Giorgio and
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Bouvier, 2002; Church et al., 2003). A study by Mary et al. (2006) on the seasonal
change in the bacterial abundance at the aforementioned L4 coastal station in the
Western English Channel showed that the Eubacteria domain were more
abundant than the archaea domain, and on a group level the Sphingo‐bacteria‐
Flavobacteria (SFB) group and α‐proteobacteria were the most dominant in the
spring and summer season. However, γ‐proteobacteria showed low abundance
of the proteobacterial community during the year of their study. The
proteobacterial community showed a stable abundance at the higher
phylogenetic level (domain, phyla), whereby the variation occurred on the lower
phylogenetic level (species) throughout the year.
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Figure 1.3 Compositions of clone libraries at the phylum and subphylum levels. Arrows
show movement of bacterial types from source populations into the estuary. Estuarine
clone libraries are separated into clones unique to the estuary (bottom section of free‐
living and particle‐attached charts), clones similar to those found in the river (upper left
sections), and clones similar to those found in the coastal ocean (upper right sections).
Estuarine clones were designated river or coastal ocean when they clustered with clones
from these source communities. Most had at least 96% sequence similarity to river and
coastal ocean clones. From Crump et al., 1999.
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1.3.3 The effect of physical‐chemical parameters on estuarine water
column prokaryotic microbial communities
Salinity, temperature, light, and nutrients have been described as major
controlling environmental factors (section 1.2) affecting microbial communities
in estuaries and coastal waters (Hitchcock and Mitrovic, 2015). Estuaries are
ultimate environments in studying bacterial communities and succession, due to
sharp changes in physical and chemical parameters (del‐Giorgio and Bouvier,
2002). Many studies indicate that changes in salinity may lead to changes and
shifts in the dominant species of microbial planktonic communities (mainly the
proteobacteria groups) in several estuaries (Castle and Kirchman, 2003; Zhang
et al, 2007; and Garcia, et al., 2015). Many studies investigated the phylogenetic
groups through the in situ incorporation of amino acids measuring their
metabolic activities (Zubkov et al., 2001, 2003, 2006). A study by Corttrell and
Kirchman (2003) in the Delaware Estuary, USA investigated the major
phylogenetic groups of bacteria examined with different salinity gradients along
the estuary, and their role in the marine food web by measuring the assimilation
thymidine and leucine. The study showed that Alphaproteobacteria were the
dominant group and substrate‐active assimilators among all other groups, at
salinity ~16 PSU. Meanwhile, Betaproteobacteria dominated near the fresh
water input in the estuary and changed mainly with salinity gradient and were
dominating

the

assimilation

of

thymidine

and

leucine

mixture.

Gammaproteobacteria, however, were the least abundant group at different
salinity gradients. Another study by Herlemann et al. (2011) in the Baltic Sea,
considered as one of the largest brackish water environments, employed
phylogenetic analysis applied by polymerised chain reaction (PCR) amplification
and sequence processing and the relative abundances of different phylogenetic
bacterial groups were measured. This study showed that Alphaproteobacteria
and Gammaproteobacteria increased with salinity for the surface waters in the
marine part of the Baltic Sea. Meanwhile, actinobacteria and Betaproteobacteria
dominated the opposite salinity gradients near the fresh water discharges.
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Many studies have found higher biomass of Betaproteobacteria in fresh water or
waters with low salinity compared to more saline waters (Hiorns et al., 1997;
Pernthaler et al., 1998; Glockner et al., 1999; Schweitzer et al., 2001). Pernthaler
et al. (1998) investigated the seasonal and spatial pelagic bacterial community
variability in a high mountain lake (Austria). The study revealed that
Betaproteobacteria formed a dominant fraction of the proteobacterial
population mainly with onset of snowmelt and the decline of the phytoplankton
bloom. Moreover, Glockner et al. (1999) found no significant differences in
microbial planktonic communities marked with Betaproteobacteria in the
Antarctic Ocean and North Sea; while a 15‐29% of total cells were detected in the
upper layer of the Baltic Sea which is influenced by fresh water run off leading to
salinity ranges between 7.2 and 8%.
The increase in bacterial abundances and the shifting of specific bacterial taxa
have been linked to the increase of water temperature favouring the growth of
free‐living bacteria over the attached‐bacteria (Mohit et al., 2014; Lucas et al.,
2015). Many studies have interpreted high temperatures favouring bacterial
abundance by increasing the metabolic rate and assimilation of organic matter.
Moreover, elevated temperatures induce group specific shifting between
psychrophilic to psychrotolerant groups which are adapted to higher cardinal
temperatures (defined as the range in which optimal growth conditions prevail)
(Adams et al., 2010). Shiah and Ducklow (1994), indicated that the bacterial
growth rates in temperate estuaries are limited by temperature rather than
dissolved organic matter in cold seasons. Similarly, temperature can affect the
variation of phytoplankton taxa as photosynthesis rates increase with increasing
nutrient availability coupled with temperature changes (Widdicombe et al.,
2010; Xie et al., 2015). Furthermore the aforementioned studies indicated that
diatoms populate colder waters, and dinoflagellate abundance increases during
higher temperature periods in coastal waters. Additionally, certain heterotrophic
bacteria have shown a tight coupling with diatom blooms in spring, or
dinoflagellates during summer (Rooney‐Varga et al., 2003; Johnson et al., 2006;
Rink et al., 2007; Grossart, 2010; Teeling et al., 2012, 2016).
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In shallow estuaries, forms of suspended particulate matter (SPM) vary
temporally and spatially, consequently affecting biological activity (Wetz et al.,
2006; Umezawa et al., 2009). A study by Brunet and Lizon (2003) investigated
the effect of a semidiurnal tidal cycle during neap‐tides on the horizontal
distribution of phytoplankton biomass in surface water of the South‐eastern
English Channel. The phytoplankton pigment signature analysis from high
performance of liquid chromatography (HPLC) were used as an indicator of their
distribution throughout the water column. The water mass during neap‐tides
appeared to be a transitional phase between mixed and stratified waters which
stimulated phytoplankton development and increase in biomass with variable
cell sizes and composition throughout the water column. Moreover, light and tide
as supplemental energy sources were affecting different sizes of phytoplankton
cells and their vertical migration during day and night time throughout the water
column.
1.3.4 The interaction of microbial planktonic communities in estuaries
Investigating phytoplankton‐bacteria interaction in estuaries is important to
understand the functioning of the ecosystem, as both microbial communities are
key to the carbon and nutrient recycling and the food web. Phytoplankton
abundance and productivity are evidently influenced by inorganic nutrient
availability that is related to nutrient input from rivers mixing and internal
recycling (Lucas et al., 1999; Sylvan et al., 2006; Livingston 2007; Boyer et al.,
2009). In general, studies show that the heterotrophic bacteria abundance is
positively correlated with phytoplankton biomass, as excess organic matter is
present for the bacteria to assimilate (Cole et al., 1991; Hewson and Fuhrman
2004; Tada et al., 2011; Wemheuer et al., 2014). Similarly, variable phylogenetic
bacterial taxa (heterotrophic) apparently increase in abundance and fluctuate
during the spring and summer phytoplankton blooming events due to the
availability of dissolved organic matter provided mainly by phytoplankton
blooms or anthropogenic sources (Alba et al., 2008; Hoppe et al., 2008; Moran et
al., 2013; Pearman et al., 2016). Rejas et al. (2005) indicated that algal exudates
are the main source of organic matter utilised by heterotrophic bacteria. Equally
important during phytoplankton bloom events are other physical‐chemical
15

environmental parameters like salinity, temperature, light levels, and predation
by protozoans in the food web (Gilbert et al., 2012; Degerman et al., 2013; Lefort
and Gasol, 2013; Lucan et al., 2015;Xie et al., 2015). However, Schweitzer and
Simon (1995) Thingstad et al. (1998) applied nutrient enrichments to microcosm
experiments and showed the influence of phytoplankton on bacterial abundance
was reduced through filtration or by incubation in darkness (Schweitzer and
Simon, 1995; Thingstad et al., 1998). This finding showed a direct stimulation of
bacteria growth by inorganic nutrient additions independent of the presence of
phytoplankton (Schweitzer and Simon, 1995; t al., 1998). This proved that some
bacteria, (mainly chemolithotrophic bacteria) are able to directly utilize
inorganic nutrients through oxidation‐reduction reaction, being potential
competitors with phytoplankton (Currie and Klaff, 1984). The dependence of
bacteria on organic or inorganic nutrients will determine the nature of the
interaction between phytoplankton and bacteria. When bacteria are limited by
organic matter, they will be stimulated by the presence of phytoplankton. On the
contrary, when bacteria are limited by inorganic nutrients rather than organic
matter, they may compete with phytoplankton for inorganic nutrients
(Thingstad, 1998). A study by Pearman et al. (2016) during a microcosm
laboratory experiment on the dominating groups of diatoms and dinoflagellates
and their association with different phylogenetic bacterial groups with
incorporation of nutrient additions of nitrate, phosphate, and silicate indicated
that there was no effect of dominating diatoms and dinoflagellates on the
succession of phylogenetic bacterial groups. However, other

studies have

demonstrated that dominant phyla of phytoplankton during the spring and
summer blooms are related to the richness of bacterial abundances and activities
(Rink et al., 2007; Gomez‐Pereira et al., 2010; Tada et al., 2011; Hyun et al., 2016).
Additionally, Cole (1982), indicated that bacterial abundance increased toward
the end of the phytoplankton bloom period as a response to algal detritus rather
than active living phytoplankton. Increasingly, studies are concerned with the
growth rate and succession of major phylogenetic bacterial groups to total Chl‐a
concentrations(e.g. Tada et al., 2011, Wemheuer et al., 2013); while others have
investigated the linkages between the blooming of distinct phytoplankton
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species and bacterial clades (e.g. Rink et al., 2007; Grossart, 2010; Teeling et al.,
2012, 2016). This interaction between specific phytoplankton groups with
bacterial clades is attributed to the bacterial enzymatic system which enables the
degradation of specific algae polysaccharides (Teeling et al., 2012, 2016). The
study by Teeling et al. (2012), highlighted the variabilities of heterotrophic
bacterial nutritional requirements and the glycolytic exoenzymes that degrade
certain algal polysaccharides. As an example, Flavobacteria that exhibit sulfatases
and CAZymes genes, dominated a late bloom of phytoplankton with sulphated
polysaccharides (i.e. carragenans, agarans, ulvans, and fucans) (Teeling et al.,
2012, 2016).
1.3.5 Microbial planktonic community’s role in the biogeochemical cycle
in the marine environment
Understanding the planktonic bacterial role as re‐mineralizers for dissolved
organic carbon (DOC) and nutrient recycling have been investigated extensively
through either field surveys or mesocosm experiments. The term ‘microbial
loop’, introduced by Azam et al. (1983), describing the role of different microbial
components in aquatic ecosystem in recycling carbon and nutrients and
converting organic matter into inorganic carbon and nutrients for autotrophs to
assimilate.
In addition to organic carbon consumption, bacteria outcompete phytoplankton
for the available nutrients such as nitrogen for protein synthesis. Bacteria are
capable of consuming nutrients at low concentrations, because of their small size
and large surface area to volume ratio, causing the elimination of phytoplankton
bloom (Currie and Klaff, 1984; Grossart, 2010). However, bacterial abundances
and activity rate in the biogeochemical cycle in surface coastal and estuarine
waters depend on the water physical and chemical properties (Voss et al., 2011).
For example, increasing salinity has been shown to decrease nitrification and
denitrification (Santoro et al., 2008; Statham, 2012). Molecular techniques can
identify the bacterial isolates involved in the biogeochemical cycle like members
of Beta‐, Gamma, and Alphaproteobacteria, and Crenarchaeota (archaea) acting
as ammonia oxidizers by oxidizing ammonium (NH4) into nitrite (NO2), and
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oxidizing nitrite into nitrate (NO3) (Caffrey et al., 2003; Bacelar‐Nicolau et al.,
2003; Santoro et al., 2008; Voss et al., 2011). An example of proteobacterial
contribution to the biogeochemical cycle is Gammaproteobacteria isolates (i.e.
Nitrosococus), Betaproteobacteria (i.e. Nitrosomonas and Nitrosospira), and
archaea (Crenarchaeota) which can oxidize ammonium to nitrite (Santoro et al.,
2008). Moreover, the SAR11 clade that belongs to Alphaproteobacteria class is
an abundant clade comprising up to 35% of the total prokaryotes in surface
coastal waters and is known to contribute to assimilating dissolved organic
matter (free amino acids) (Malmstrom et al., 2004, 2005; Herlemann et al., 2014).

1.4 Molecular tools for microbial ecology identification
The development of molecular tools has helped in investigating and evaluating
the biodiversity of microbial communities in aquatic environments to the species
level (Dorigo et al., 2005). In aquatic systems, understanding the microbial
biodiversity and community populations has been assessed by identifying the
phenotypic characteristics in terms of physiological and morphological
information. However, the DNA technology and nucleic acid characterizations
based on taxonomic classification have provided detailed description of the
community diversity and richness and helped in detecting the uncultivatable
species especially in aquatic systems (Morris et al., 2002; Hewson and Fuhrman,
2004; Dorigo et al., 2005), in addition to biotic and abiotic factors effects on the
community composition (Schweitzer et al., 2001; Carlson et al., 2009; Herlemann
et al., 2011 and 2014; Campbell and Kirchman, 2013).
Flow cytometer techniques have been used for the quantification and
identification of microbial planktonic communities’ total number and
composition of ecological importance in aquatic environments (Marie et al.,
1997; Zubkov et al., 1998; Fuchs et al., 2000). Flow cytometry is a quantitative
technique used now routinely for analysis of prokaryotes and eukaryotes
(Gomez‐Pereira et al., 2013). The identification and quantification of each
planktonic group is usually based on cell size, pigment (Chisholm, 1992; Li, 2015)
and DNA content (Marie et al., 1997; Zubkov et al., 2000). Flow cytometry has the
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advantage of being a rapid, easy and accurate analysis of eukaryotes and
prokaryotes (Olson et al., 1993; Marie et al., 1997; and Christaki et al., 2011). The
technique provides data of cell abundance with high precision compared to
microscopy, whereby the cell concentration is calculated by an internal standard
of fluorescent beads of known concentration (Olson et al., 1988) or by injecting
tested samples at known and constant speed (Zubkov et al., 2001). A recently
developed ʺin situ flow cytometerʺ for phytoplankton quantification provides
direct information on the abundance of phytoplankton in the environment
(Thyssen et al., 2008). This submersible flow cytometer is designed to observe
and analyse phytoplankton providing an in situ automated method for studying
phytoplankton dynamics (Dugenne et al., 2014). The nucleic acid stain SYBR
Green‐I forms a strong binding affinity for both double‐stranded, single‐stranded
DNA and RNA with excitation between 488nm extend up to 650nm wavelength
and can separate the autotrophic from the heterotrophic bacterial population
using flow cytometry (Marie et al., 1997; Zubkov et al., 2000; Thyssen et al., 2014;
Bonato et al., 2015). Moreover, the nucleic acid stain has been assessed in
discriminating between different microbial planktonic communities such as,
picoeukaryotes, Synechococcus, and heterotrophic bacteria through DNA
fluorescence characteristics visualization and enumeration (Marie et al., 1997).
Another molecular technique that has helped in expanding knowledge of marine
species and the composition and dynamics of the microbial community in aquatic
environments is by using molecular designed probes for DNA that bind with the
r‐RNA in situ and enable the fluorescence‐labelled molecular probes in whole cell
hybridization experiment known as Fluorescent In Situ Hybridization (FISH)
(Amann and Fuchs, 2008; Medlin and Tobe, 2011). Since the first in situ
hybridization experiments in 1969 by Gall & Pardue. (1969) the technique has
developed with many modifications applied to improve the probes sensitivity to
be what's known today as fluorescent in situ hybridization (O’Coner, 2008). FISH
has become a widely used technique which provides identification and
quantification of phylogenetically defined microbial populations in complex
environments and combined with total cell counts, which are frequently
determined by 4′, 6‐diamidino‐2‐phenylindol (DAPI) staining on membrane
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filters method by counting specific phylogenetic groups (Glockner et al., 1999;
Amann and Fuchs, 2008). The molecular probes are short oligonucleotides of 16‐
24 base pair (bp) length that are 100% homologous only to a complementary
sequence in a gene of the species of interest, and different by at least one position
to all other organisms. Therefore, these probes in hybridization experiments are
used to identify the phylogenetic species of interest by binding to target sequence
and identify the phylogenetic groups of interest (Simon et al., 2000; Medlin and
Tobe, 2011). The FISH technique as with other techniques has limitations which
affect analysis of images and signal intensities. Many limiting factors can affect
FISH efficiency including metabolic state of the target cell, the presence of auto‐
fluorescent microorganisms, abundances of ribosomes per cell, accessibility of r‐
RNA probes and cell wall permeability, type of environmental samples (like in
marine samples with presence of cell aggregates), and image acquisition
parameters (Daims et al., 1999; Cottrell and Kirchman, 2000; Dorigo et al., 2005;
Zhou et al., 2007; Amann and Fuchs, 2008). Thus, many improved FISH
techniques have been developed for example, the signal catalysed reporter
deposition‐fluorescence in situ hybridization (CARD‐FISH) (Pernthaler et al.,
2002).
Nucleic acid sequence analysis is a fundamental method for determining
phylogenetic relations (Amann et al., 1995). Genomics is defined as the study of
an organism’s complete genetic material, and bioinformatics is the collection,
storage and interpreting of all biochemical information stored in the genetic
material (Kirchman, 2012). These two methods can be used to assess the key role
microbes play in the biogeochemical cycles in oceans through understanding
their metabolic activities (Amann et al., 1995; Kirchman, 2012). In addition, the
techniques assess in identifying and describing the biodiversity in the sample to
the species level (Kirchman, 2012). The two methods include DNA extraction
followed by rRNA gene amplification using PCR (Polymerase Chain Reaction),
then cloning and sequencing (Medlin and Tobe, 2011). The limitations of the
genomic technique are including: the large sampling volume that reach up to 10
litres, and the cost of the experiment. Moreover, low culturable rate of the
prokaryote in sea water (e.g. abundance below 1 in 1,000) (Amann et al., 1995).
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The modern molecular approach to overcome all limitations of the rRNA
approaches: fluorescence in situ hybridization (FISH) and genomics is combining
the cloning of detected organisms with oligonucleotide probing (Cottrell and
Kirchman, 2000; Medlin and Tobe, 2011; Kirchman, 2012).

1.5 Study sites description
1.5.1 Southampton Water
The present study aimed to investigate the environmental control, and dynamics
of different phylogenetic bacterial groups during phytoplankton blooms in two
South Coast UK estuaries, namely Southampton Water and Christchurch
Harbour. The primary area of investigation was the Southampton Water estuary,
where a three‐year sampling program was carried out.
The

Southampton

Water

estuary

(Hampshire,

southern

England)

is

approximately 10 km long and 2 km wide and represents the north‐westerly
extension of the Solent (Figure 1.4) with an area of ~39.75 km2 (Nedwell et al.,
2002). The area is enclosed by broad intertidal mudflats with shingle and sand
on the eastern side, and a salt marsh to the west. Southampton Water is a
macrotidal estuary with a tidal range between 1.5 and 4.5 m and features a
characteristic double‐high water with a ‘young flood stand’ with three rivers
feeding freshwater into the system, the river Test, river Itchen, and river Hamble
with an annual mean discharge of 11.02, 5.37 and 0.47 m3, respectively
(Levasseur et al., 2007). Southampton Water is a partially mixed estuary (Dyer,
1970) with a salinity structure that depends on the tidal state and to a lesser
degree, the seasonal freshwater flows from the three rivers whose total
catchment area is 1716 km2 (Lauria et al., 1999; Nedwell et al., 2002). These are
chalk streams that pass through intensively farmed land and also receive effluent
from sewage treatment works (Nedwell et al., 2002; Levasseur et al., 2007).
1.5.2 Christchurch Harbour (Mudeford Quay)
The Christchurch Harbour estuary, Dorset, UK (Figure 1.4) is included in this
study as a contrasting temperate estuary compared to the main study site in
Southampton Water. The Christchurch Harbour (Mudeford Quay) estuary is a
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shallow harbour located on the South coast of England with an area of ~2.39 km2
(Nedwell et al., 2002). Two main rivers directly flow into the estuary: the
Hampshire Avon River, and the Stour River that combine and flow as one into the
western end of the harbour with a total catchment area of 2779 km2 (Murray,
1966; Nedwell et al., 2002). The estuary exhibits vertical salinity gradients under
the surface layer of freshwater, characteristic of a salt wedge microtidal estuary’,
moving toward the sea (Murray, 1966).
Data were available through weekly water sampling carried out at low tide from
April, 2013 and continued for a year at Mudeford Quay near the Harbour inlet.
These were part of a wider NERC funded sampling program aimed to detect
macronutrient behaviour over a range of temporal and spatial scales and
environmental factors that control the phytoplankton community. As part of the
project the physical and chemical environmental factors were measured in
addition to investigating the total microbial planktonic communities population
and seasonal and temporal succession of different bacteria phylogenetic groups.
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Figure 1.4 Southampton Water and Christchurch Harbours, and their major tributaries. Both sampling locations, FNES
Monitoring Buoy in Southampton Water, and Mudeford Quay in Christchurch Harbour are indicated. Figure created using
Ordnance Survey’s Digimap service by Hachem Kassem).
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1.6 Research hypothesis and outline
1.6.1 Research aim and objectives
A comprehensive assessment of the microbial planktonic community abundance
and interactions with physical and chemical environmental parameters is lacking
in UK South Coast estuaries in UK. Microbial planktonic communities play a
crucial role in the assimilation and dissimilation of carbon and nutrient recycling
and thus have a serious impact on the quality of coastal and estuarine
ecosystems, and their natural, physical and societal impacts from primary
production to food and freshwater provision. In particular, the phytoplankton
blooming seasons is known to be highly productive and crucial for enriching
estuarine waters by being the main source of organic carbon. However, little is
known about the succession of different heterotrophic bacterial taxa in the two
estuaries selected for this study. The general aim of this study was to investigate
the physical and chemical control on the dynamics and succession of
phylogenetic bacterial groups during the spring and summer blooming events in
two contrasting estuaries: Southampton Water and Christchurch Harbour.
The following hypothesis were to be tested during this research project
1. 1. Physical and chemical environmental factors control the microbial
planktonic community structure during the spring and summer in the
Southampton water and Christchurch Harbour estuaries.
2. Different phylogenetic groups of bacteria are associated with
phytoplankton communities during bloom events in spring and summer
in the Southampton Water and Christchurch Harbour estuaries.
The following objectives are addressed in the thesis:
1. To monitor the seasonal changes of selected physical parameters
(temperature, salinity, turbidity) in two contrasting south coast UK estuaries,
Southampton Water and Christchurch Harbour. This was done over a three
years period (2013‐2015) of sampling in Southampton Water during spring
and summer seasons; and for one year (2013) in Christchurch Harbour
(Mudeford Quay).
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2. To investigate the impact of selected chemical parameters (nutrients: nitrate,
phosphate and silicate; and dissolved Oxygen on total chlorophyll
concentration in both estuaries.
3. To investigate changes in the abundance and composition of phytoplankton
communities in Southampton Water through high‐performance liquid
chromatography (HLPC) and microscopic identification.
4. To estimate changes in the abundance of microbial planktonic populations by
epifluorescent microscopic examination and flow cytometry in the two
estuaries during 2013.
5. To investigate the dominant phylogenetic groups of heterotrophic bacteria
using a Fluorescence In Situ Hybridization (FISH) protocol using
oligonucleotide probes for different bacterial taxa at domain, class and clade
levels and relate it to the physical‐chemical environmental parameters and
phytoplankton dominant groups during spring‐summer blooms.
1.6.2 Research outline


Chapter 1 introduces the literature reviews and scientific background related
to

temperate

estuarine

ecosystems,

controlling

physical‐chemical

parameters and biological dominant groups. In addition to molecular
techniques principles and background used in the present study and study
sites description for the investigated estuaries.


Chapter 2 introduces the sampling strategies for the two estuaries during the
first year (2013), and (2014 and 2015) in Southampton Water, and the
experimental protocols applied in the present research.



Chapter 3 describes continuous monitoring data of physical parameters in
Southampton Water during (2013, 2014, and 2015) and Christchurch
Harbour during (2013). In addition to chemical parameters (nutrients)
analysis compared to Chl‐a concentrations in the two estuaries and during all
investigated years.



Chapter 4 describes the phytoplankton dominant phyla abundance by total
Chl‐a extraction, HPLC pigment analysis, and microscopic examination. In
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addition total microbial planktonic population enumeration by the DAPI
staining technique and flow cytometric analysis using Partec and Cytosense.


Chapter 5 examines the dynamics of dominant phylogenetic heterotrophic
bacteria using Fluorescence In Situ Hybridization (FISH) with oligonucleotide
r‐RNA probes during spring and summer in Southampton Water (2013, 2014,
and 2015), and in Christchurch Harbour in (2013) during spring and summer
blooms and compared to investigated environmental parameters.



Chapter 6 includes the research hypothesis, and summary of the main
findings of the research.
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Chapter 2: Methodology
2.1 Sampling strategy and sites
2.1.1 Southampton Water
A program of weekly sampling was conducted for this study at high tide for
maximum water column mixing at a position in Southampton Water near the
FNES monitoring buoy that changed to Xylem monitoring buoy in the following
sampling years, located at 50⁰ 52. 260 N, 01⁰ 22.378W, during 2013 from the 1st
of March to the 4th of November (Figure 2.1). Another two periods were also
investigated during this study for the year 2014 (12th of May‐ 10th of November)
and 2015 (20th of April – 10th of August), targeting the phytoplankton bloom
period when high Chl‐a levels were detected between spring and summer that
observed by the Xylem monitoring data buoy fixed at Netley station in
Southampton Water that provided measurements of physical and chemical
parameters every 15 minutes.
2.1.2 Christchurch Harbour (Mudeford Quay)
A weekly sampling program conducted at Christchurch (Mudeford Quay)
Harbour estuary at low tide included from the Christchurch Harbour
Macronutrients project at 50° 43' 4133 N, 1° 44' 5378 W as shown in Figure 2.1.
Sampling at Mudeford at the mouth of Christchurch Harbour was at low tide due
to the macronutrients projects requiring sampling to be during maximum ebb
conditions. The sampling occurred in the west narrow channel (Run) of
Christchurch Bay near sandbanks (Murray, 1996). The sampling period was
between April 2013 to April 2014 and samples used for the study during spring
and summer (April‐November) of 2013. Water samples were collected in
Southampton Water at high tide and in Christchurch Harbour at low tide, and just
below the surface in clean 5 Litre plastic bottles and returned to the lab for
processing for both estuaries.
Water samples collected from both estuaries were preserved and processed for
phytoplankton identification by microscopic counts, Chl‐a fluorometric analysis,
dominant phytoplankton pigments by HPLC analysis, nutrients analysis, total
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microbial planktonic population enumeration by microscopic DAPI count and
flow cytometric analysis, and fluorescence in situ hybridization (FISH) with
oligonucleotide probes targeting the 16s rRNA for the phylogenetic identification
of dominant heterotrophic bacteria in estuarine environments.

(A)

(B)

Figure 2.1 UK map showing the positions of weekly sample collection locations
in (A) Southampton Water near FNES monitoring buoy (50⁰ 52. 260 N, 01⁰
22.378 W), and (B) Christchurch (Mudeford Quay) Harbour (50º 43' 4133 N, 1º
44' 5378 W) (Source: Esri, 2015).
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2.2 Field measurements
2.2.1 YSI multi‐probe
A YSI 6600 multi‐probe was deployed during each sampling trip to the Xylem
monitoring buoy (Figure 2.2‐A), in Southampton Water and vertical profile
measurements of the following parameters, temperature (°C), salinity, Chl‐a
(µgL‐1), depth (m), and oxygen saturation (%) recorded at 1 m interval from the
surface to 9 m (see Figure 2.2‐B). For Christchurch Harbour sampling a YSI EXO2
sonde multi‐parameter used for similar measurements parameters from the
surface water.
2.2.2 Xylem data buoy
The Xylem data buoy provide a time series of environmental data for
Southampton water during 2014, and 2015. The data buoy was fitted with a YSI
EXO2 multi‐parameter with water quality sonde that measures temperature,
salinity, dissolved oxygen, Chl‐a fluorescence, and turbidity. All fitted sensors had
antifouling guards with cleaning rotary wiper brush to prevent encrusting
marine organisms and attached particles and ensure the continuous data
monitoring. All the mentioned environmental measurement were recorded
every 15 minutes and uploaded wirelessly to the internet and can be observed
through

Xylem

data

buoy

web

site

(https://stormcentral.waterlog.com/public/XAUKBuoy).
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Figure 2.2 (A) A FNES monitoring buoy in Southampton Water located at (50⁰ 52. 260
N, 01⁰ 22.378 W) and (B) YSI 6600 multiprobe with all optical sensors used in the
present study.

2.3 Nutrients
Analysis of inorganic nutrients were conducted for phosphate, nitrate, nitrite and
silicate. A 50 ml freshly collected sea water samples were frozen at ‐20 °C in
Polycarbonate plastic bottles prior to analysis of nitrate, nitrite and phosphate.
Another set of samples of 50 ml plastic bottle was saved in dark cupboard stored
at room temperature for silicate analysis. The inorganic nutrients were analysed
with QuAAtro system by SEAL analytical. Nitrate (NO3) and nitrite (NO2) were
analysed by automated system where by the nitrate reduced to nitrite at pH 8 in
a copper cadmium with sulphanilamide to form diazo compound that then
couples with N‐1‐naphthylethylenediamine dihydrochloride (NEDD) that
forming a reddish‐ purple dye which measured at 520‐550 nm. Phosphate (PO4)
analysis was based on the analysis by the colorimetric method by which ascorbic
acid formed by the reduction of phosphate, molybdate and antimony ion forming
a blue colour and the phosphor‐molybdenum complex measured at 880 nm. The
silicate (Si) was analysed by reduction of silico‐molybdate complex in acid
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solution by ascorbic acid to molybdenum blue and to minimize the interference
from phosphate, oxalic acid was added and the final complex was measured at
820 nm. Standards of artificial sea water with different concentrations been used
for calibration (Howard et al., 1995).

2.4 Phytoplankton abundances
2.4.1 Pigment analysis
2.4.1.1 Fluorometric analysis of Chl‐a
Chlorophyll a (Chl‐a) fluorescence were determined by fluorometric analysis
according to Parsons et al. (1984). Water samples freshly collected (50 ml) for
Chl‐a analysis were filtered through 25 mm diameter Whatman GF/F filters
folded and placed in labelled plastic bags and stored at ‐80 °C until further
analysis. The frozen filters (in triplicates) were placed in 10 ml plastic centrifuge
tubes and 7 ml of 90% acetone (analytical grade) added and sonicated for 30
seconds. Then, the extracts were centrifuged (Mistral 1000 centrifuge) at 1,500
rpm for 10 minutes. The contents of each tube was placed into a glass cuvette and
the fluorescence measured on a Turner 10 AU fluorometer previously calibrated
using a known standard of Chl‐a according to Parsons et al. (1984). The Chl‐a
concentration of each sample was calculated according to the following equation:
Chl‐a concentration (µg L‐1) = R / (v/V)
Whereby, R= fluorometer reading of sea water extract, v = volume of 90%
acetone (ml), V = total volume of filtered sea water (ml). The fluorometric
analysis of Chl‐a was completed at the end of each annual period of the three
years sampling in Southampton Water and at the end of the sampling period in
Christchurch Harbour.
2.4.1.2 High performance liquid chromatography (HPLC)
The high performance liquid chromatography (HPLC) technique allows
quantitative analysis of a number of phytoplankton pigments and provides an
indication of the dominant phytoplankton groups depending on the indicator
pigments present. The method of Barlow et al. (1993) was used with a Perkin
Elmer C18 column and a Thermo‐separation HPLC system with online vacuum
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degaser dual solvent pump (P2000), an auto‐sampler (AS3000), a UV detector
(UV1000), a fluorimeter (FL3000), integrator (SN4000) and integration software
PC1000. Typically 1.5 L of each water sample was filtered (in triplicate), through
47 mm dia. GFF filters using a vacuum pump filtration system and the filters kept
at ‐80⁰C prior to pigment analysis. The frozen filters were placed in plastic
centrifuge tubes with 10 ml of acetone (HPLC analytical grade), sonicated for 30
seconds with vibra‐cell probe to breakdown the cells. Then the extracts
centrifuged for 10 minutes at 3000 rpm with MSE Mistral centrifuge to separate
the fluorescence pigment from cell debris. Frequently, between each step the
extract was placed in a cool box with ice packs to preserve the fluorescence
pigments. The extract was then filtered through an inline filter into a small glass
vial. The HPLC system automatically injected the extract into the HPLC system
allowing the estimation of chlorophylls and other accessory pigments from the
chromatographic output as shown in Table 2.1. The HPLC analysis was conducted
using the software package ChromQuestand for the retention area and pigment
concentration calculation and the following equation was used:
Pigment concentration (ng L‐1) = (Pa * Ve * 1000/ PRF* Vi * Vf * 0.5)
Where by, Pa = Peak area, Ve = volume extracted (ml)
PRF = pigment factor, Vi = volume injected (µl)
Vf = volume filtered (L), 0.5 = buffer dilution factor
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Table 2.1 Distribution of major accessory pigments for some phytoplankton taxa
as given by Barlow et al. (1993); Jeffrey and Vesk (1997); Gibb et al. (2001).
Algae group

Common pigments

Diatoms

Fucoxanthin, diatoxanthin

Cryptomonad

Alloxanthin

Blue‐green algae Zeaxanthin
Green algae

Violaxnthin, Zeaxanthin, Chlorophyll b

Dinoflagellate

Peridinin, diadinoxanthin

2.4.1 Phytoplankton identification
Freshly collected sea water of 100 ml aliquots were preserved with 1 ml lugol’s
iodine solution (Parsons et al., 1984) and stored in dark bottles prior to cell
counting. The preserved sample was mixed and 10ml of the sample placed into
glass sedimentation chambers (in duplicates) and left to settle for 24 hours
before microscopic examination and identification. The cell counts were made
using a Leitz Fluovert inverted microscope, and two transects of all chamber base
converted at 10x magnification power lens for the larger phytoplankton (i.e. ˃10
µm in diameter) and one transects for the 40x magnification power for smaller
cells (5‐10 µm in diameter). The following phytoplankton manuals were used to
help in identification of different genera and species of most dominant
phytoplankton in the estuarine samples; Round et al., 2007 and Kraberg et al.,
2010.
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2.5 Microbial planktonic communities enumeration and
Identification
2.5.1 Method development
2.5.1.1 Culture recovery
Bacterial isolates were revived from lyophilized cells of Roseobacter litoralis
(number 13392) obtained from NCIMB (The National Collection of Industrial
Food and Marine Bacteria) culture collection. Halomonas sp. culture were
obtained and sub‐cultured from Dr. Manuela Hartman (NERC). The bacterial
isolates enumeration and identification are applied in the present study to check
the efficiency of detection with DAPI count, to standardize the optical parameters
for the flow cytometry total enumeration, and the efficiency of fluorescence in
situ hybridization (FISH) oligonucleotide probes. The cell recovery was assessed
through rehydrating the freeze‐dried culture with 0.5 ml of sterile broth of bacto‐
marine medium 2216 (difco) under sterile conditions. The rehydrating broth was
then added to 5 ml of sterile broth of the same medium and incubated at 20 °C
for 4 days. Cell suspensions with different dilutions were made and streaked on
solid agar broth medium, prepared for microscopic DAPI counts, flow cytometry
analysis and Fluorescence In Situ Hybridization (FISH). Also, bacterial
enumeration was assessed by VECTA‐SHIELD Hard Set Mounting Medium with
4', 6‐diamidino‐2‐phenylindole (DAPI) stain from (VECTOR LABORATORIES).
Different bacterial culture dilutions were made with artificial sea water were
made and filtered through a 0.2 µm polycarbonate (PC) 47mm (dia.) filter
(Whatman) using a cellulose nitrate filter, as a backing filter dried and stained
with DAPI. Microscopic identification and counting for both bacterial isolates
Roseobacter litoralis and Halomonas sp. were compared with flow cytometric
analysis.
2.5.2 Microbial planktonic population enumeration
2.5.2.1 Cell fixation and DAPI staining
Total bacterial counts were determined by fixing 10 ml of a freshly collected
water sample with 20% of paraformaldehyde (PFA) reaching final
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concentrations of 1% and 2%, then incubated for an hour at room temperature.
The samples were then filtered through a 0.2 µm polycarbonate (PC) 47mm (dia.)
filter (Whatman) using a cellulose nitrate filter as a backing filter. The PC filter
was then placed in a labelled plastic Petri dish and stored at ‐80 °C. Before
fluorescence examination filters were thawed and dried on Whatman filter paper
for an hour, then cut into sections placed onto glass slides and stained by VECTA‐
SHIELD Hard Set Mounting Medium with 4', 6‐diamidino‐2‐phenylindole (DAPI)
stain. This produced a blue fluorescence when bound to DNA with excitation at
about 360nm and emission at 460 nm. The VECTA‐SHIELD hard set mounting
media mixed with DAPI is an aqueous mountant that hardens at room
temperature in as little as 20 minutes. This facilitated the handling of the slides
and eliminating the need to secure the cover slip, and is convenient for use with
oil immersion microscopy. The stained and mounted slides can be stored for
several weeks at 4°C, while for prolonged storage slides were placed in a ‐20⁰C
freezer. The samples were examined using a Zeiss Axioplan motorised
epifluorescence microscope (Carl Zeiss, Germany) equipped with a 100x UV plan
Apochromat objective and excitation/emission filters 360/420 for DAPI, stained
bacteria cells were counted in at least 15 fields of view, and the cell concentration
estimated. The method of DAPI count of the microbial planktonic population
modified from Porter and Feig, 1980.
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2.5.2.2 Flow cytometry
Freshly collected water samples were preserved with 20% of paraformaldehyde
(PFA) reaching final concentration of 1% and 2%, and frozen at ‐80 °C. The flow
cytometry analysis applied for counting bacteria in sea water was modified from
Marie et al. (1997). Calibration of the two flow cytometry (Partec and Cytosense)
took place with the various dilutions of Halomonas sp. culture to ensure accuracy
of total estimated number of targeted bacterioplankton (discussed in section
2.5.1.1 culture recovery). The frozen water samples were thawed at room
temperature then filtered through a 20 µm mesh filter to remove all the large
cells that may cause blockage of the flow cytometry. The sea water samples (2
ml) were mixed in proportion for each 1 ml with 100 µl of 30 mM potassium
citrate solution (C6H5K3O7) and stained with 10 µl sigma SYBR green I 10,0000‐
fold concentrate optical density at 445 nm). SYBR green I is a highly sensitive
nucleic acid stain excited by blue light at 488‐495 nm and emission 525nm. The
mixture was then incubated at 37 °C for 30 minutes. The potassium citrate
enhances the staining quality the SYBR green I fluorescence stability (Marie et al.,
1997; Fuhrman and Ouverney, 1998). Partec flow cytometry, samples were
analysed for 2 minutes at flow rate of 200 µl ‐1. The flow rate was calibrated using
0.5 and 1 µm fluorescent beads of known concentrations. The acquisition of data
was triggered by the side scatter and forward scatter. The enumeration of
bacterioplankton cells by the Partec flow cytometry applied only to Southampton
Water samples and not Christchurch harbour samples due to instrument
malfunction. A Cytosense flow cytometer, (SFCM; Cytobuoy© b.v., Netherlands)
laser beam (excitation wavelength of 488nm, 20 Mv) was used to analyse
samples from Southampton Water and Christchurch Harbour. The collected data
(targeted bacterioplankton) were analysed by Cytoclus© software (version 2014,
Cytobuoy) as clusters of data points on the cytograms. The instrument flow rate
was 0.07 µl second‐1 and side way scatter 10 and at maximum measurement time
2 minutes and number of particles 10,000 and trigger level 9.2 mille volt (m.v).
The sheath fluid was a saline solution of 20 ppt. Samples were analysed in four
runs and the average count for the total heterotrophic populations was estimated
by measuring optical parameters: side way scatter (SWS) and yellow green
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fluorescence scatter (FLY) at wave length 536‐601 nm. A mono‐bacterial culture
of Halomonas sp. was cultured and revived to calibrate the method with three
different dilutions made with sterile artificial sea water (ASW) and average
counts were calculated and compared to microscopic DAPI counts.

Figure 2.3 Cytosense machine setup (SFCM; Cytobuoy© b.v. Netherlands), connected to
laptop for analysing data by Cytoclus© software (version 2014, Cytobuoy).
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2.5.3 Fluorescence in situ hybridization (FISH) with oligonucleotide
probes
2.5.3.1 Mono‐bacterial culture
Different mixtures with unknown percentages of the mono‐culture bacteria and
sea water samples were fixed with 1% of final concentration of 20%
paraformaldehyde (PFA), and tested for the efficiency of the fluorescence in situ
hybridization method with oligonucleotide probes. Two bacterial isolates were
used in this study that belongs to different phylogenetic groups of
proteobacteria; Halomonas sp. that belongs to Gammaproteobacteria and
Roseobacter litoralis that belongs to Alphaproteobacteria. The oligonucleotide
probes were used: EUB338I‐III, GAM42a, ALF968 with controls and competitors.
2.5.3.2 Environmental samples (sea water)
The FISH protocol of Glockner et al. (1996) was followed to stain cells on
membrane filters. The filters were thawed and air dried on filter paper then cut
into sections and submerged in 2 ml hybridization buffer‐probe mix
hybridization in a microfuge tube. The buffer solution contained 360 µl 5M Na Cl,
40 µl 1M Tris /HCl, formamide % depending on the probe; (Table 2.3), water
added to 2ml and 10% sodium dodecyl sulphate (SDS), and 2µl probe
(concentration 50ng DNA µl‐1 per filter piece). Then, filter sections were placed
on microscope slides in a moisture chamber then incubated at 46⁰ C in a dry
hybridization oven for maximum 90 minutes (3 hours). Next, the filters were
transferred to preheated (48 °C) polyethylene tubes containing 50 ml of washing
buffer (x ml 5M Na Cl depending on probe formamide usage concentration in the
hybridization buffer, 1m Tris/HCl, 500 µl 0.5 EDTA, water added to 50 ml with
Milli‐Q water, and 10% SDS). The washing buffer was incubated for 15 minutes
at 48 °C in a water bath. Filter sections were then washed with distilled water for
several seconds, and left to dry on plotting paper. Finally, filters were stained
with VECTA‐SHIELD Hard Set Mounting Medium with 4', 6‐diamidino‐2‐
phenylindole (DAPI) stain. The filters were examined using a Zeiss Axioplan
motorised epifluorescence microscope (Carl Zeiss, Germany) equipped with a
100x UV plan Apochromat objective and excitation/emission filters 360/420 for
DAPI. The oligonucleotide probes were labelled with different dyes
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(fluorochromes) depending on the nature of the sample, cell size and ribosome
content. Two standard labels were used in this study, red tetramethylrhodamine
(CY3) with excitation is 540/25 nm, emission 605/55 nm and 6‐
carboxyfluorescein (FAM) fluorophore with excitation 465/995 nm, and
emission 515/555 nm. Hybridized cells were counted in 35‐50 (45 in average)
fields and not less than 500 DAPI‐stained cells to minimise the counting error ˂
5% and relative hybridization percentages calculated (Pernthaler et al., 2002b).
The labelled oligonucleotide probes with CY3 were available at the beginning of
the research experimental work and were used to investigate all the water
samples from Southampton Water and Christchurch Harbour in 2013. The FAM
labelled probes were used for samples collected in 2014 and 2015 due to the
improved sensitivity of the probe detection (Glockner et al., 1996; Amann et al.,
2001).
Group‐specific oligonucleotide probes were employed to identify major bacterial
subclasses (Gammaproteobacteria, Alphaproteobacteria, Betaproteobacteria,
and Eubacteria) in addition to specific designed probes to certain
Alphaproteobacteria clades Roseobacter sp., and SAR11 (Morris et al., 2002; Mary
et al., 2006) in addition to EURY806 probe to detect Euryarchaea group. The
details of the probes and formamide percentages are listed in Table 2.2. The
filters were then stained with VECTA‐SHIELD Hard Set Mounting Medium DAPI
stain (1µg ml‐1). Filter sections were examined and counted under a Zeiss
Axioplan motorised epifluorescence microscopy (Carl Zeiss, Germany) equipped
with a 100x UV plan Apochromat objective and excitation/emission filters
360/420 for DAPI stain. Oligonucleotide probes used in the study with targeted
phylogenetic group, sequence, formamide concentration (FA) used for
hybridization buffer (at 46 °C), and data source are included in Table 2.2.
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Table 2.2 Oligonucleotide FISH probes, targeted heterotrophic bacteria,
sequence of the probes and percentages of formamide in In Situ Hybridization
buffers
Probe

Target organism

Sequence (5′‐3′) of %FAa

Source

probe
EUB338 I

most bacteria

GCTGCCTCCCGTAGGAGT

35

Amann et
al., 1990

EUB338 II

Planctomycelates

GCAGCCACCCGTAGGTGT

35

Daims et
al., 1999

EUB338 III

Verrucomicrobiales

GCTGCCACCCGTAGGTGT

35

Daims et
al., 1999

ALF 968

Alphaproteobacteria,

GGTAAGGTTCTGCGCGTT

20

Glockner
et al.,
1999

GAM42ab

Gammaproteobacteria

GCCTTCCCACATCGTTT

35

Manz et al
.,1992

BET42a

Betaproteobacteria

GCCTTCCCACTTCGTT

35

Manz et
al., 1992

SAR11‐

SAR11 clade

50

GTGT

152

SAR11‐

ATTAGCACAAGTTTCCYC

SAR11 clade

TCCGAACTACGCTAGGTC

al., 2002

50

Morris et
al., 2002

542
RSB67

Morris et

Roseobacter sp.

CGCTCCACCCGAAGGTAG

40

Zubkov et
al., 2001

EURY806

Euryarchaea

CACAGCGTTTACACCTAG

20

J.
Pernathal
er et al.,

40

Non‐338

Control probe for non‐
specific binding

ACTCCTACGGGAGGCAGC

35

Wallner et
al., 1993

complementary to
EUB338
a.

Formamide (FA) concentration (v/v) in oligonucleotide hybridization buffer

b.

The probe mixed with unlabelled competitor probe of BET42a (5’ –GCCTTCCCACTTCGTTT‐
3’) (Mans et al., 1992).

2.6 Statistical Analysis
All data were organized and tabulated in Excel 2013 (Microsoft). Scatter plots,
bar charts and histograms and graphs were created using Sigma plot 13 and in
addition to linear regressions and Pearson’s correlations and coefficient
variations determined. MATLAB software was used to produce, plots of
continuous measurements of physical‐chemical parameters measured Xylem
data buoy and scatter plots. Principal Component Analysis (PCA) was applied in
the present study using Mat Lab software. PCA is a mathematical test allowing re‐
forming the observations in a form of efficient basis vectors; ‘eigenvectors’ that
show the direction of the observation to be presented, and ‘eigenvalues’ is the
number of the variance in the data. The test allowed the dimension of the data to
be presented in its basic components, showing the eigenvectors as the principal
component (PC), and the eigenvalues as the magnitude (Glover et al., 2011).
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Table 2.3 NaCl concentration in the washing buffer according to formamide (%)
of the hybridization buffer (depending on probe)
% formamide in
hybridisation
buffer

NaCl in M
end concentration

µl 5 M NaCl in 50
ml

0

0.900

9000

5

0.636

6300

10

0.450

4500

15

0.318

3180

20

0.225

2150

25

0.159

1490

30

0.112

1020

35

0.08

700

40

0.056

460

45

0.04

300

50

0.028

180

55

0.02

100

60

0.014

40

65

‐

‐

70

‐

‐
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Chapter 3: Monitoring the environmental parameters of
surface waters in two contrasting estuaries
3.1 Results of physical parameters
3.1.1 Southampton Water environmental parameters
Physical and chemical water column parameters were measured, intermittently,
at a station in Southampton Water over a period of three years to detect
temporal, physical and chemical changes during spring and summer
phytoplankton blooms. Water samples were collected at high tide using the RV
Conway or RIB from the surface near a monitoring buoy located at 50⁰ 52. 260 N,
01⁰ 22.378W (Figure 2.2‐A in methodology). During 2013, sampling occurred
between February and November extending for 34 weeks at approximately
weekly intervals. During each sampling campaign, a YSI 6600 sonde was used to
measure the temperature, salinity, dissolved oxygen saturation, chlorophyll (Chl‐
a) fluorescence, and turbidity at 1m intervals between the surface and just above
the sediment bed. In 2014 and 2015 data were additionally available from a
monitoring buoy equipped with a Xylem/YSI EXO2 sonde mounted at 1m below
the surface. The sonde recorded measurements of temperature, salinity,
dissolved oxygen, Chl‐a fluorescence, and turbidity every 15 minutes providing
high frequency measurements.
All the physical/chemical parameters, apart from Chl‐a, presented in this study,
were measured using either the YSI 6600 probe or from the Xylem buoy mounted
EXO2 sonde. The Chl‐a data were determined on collected water samples
extracted in the lab and measured on a fluorimeter. Samples were collected from
a second local temperate estuary on the south coast, Christchurch Harbour
during 2013, to serve as a contrasting temperate estuary. The NERC funded
Christchurch Harbour Macronutrients project supported weekly sample
collection from Mudeford Quay at 50° 43' 4133 N, 1° 44' 5378 W (Figure 2.1‐B in
methodology), at the entrance to Christchurch Harbour between April 2013 and
April 2014. Water column parameters were measured by a YSI 6600 probe or
EXO2 sonde to detect the temporal physical and chemical changes during spring
and summer.
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3.1.1.1 Physical parameters during the 2013 sampling program
In 2013, surface water temperature ranged between 5 and 7.2 °C in late February
to March, and elevated to 17.3 – 21.4 °C during July and August as solar radiation
increased (Figure 3.1). Near surface salinity in Southampton Water varied
between a minimum of 24.1 in late February, following a period of heavy rain and
a maximum of 33.2 in early October at the beginning of autumn (annual average
30.9). Dissolved oxygen saturation in Southampton Water ranged between 93
and 143%, with notable exception from the 14th to the 21st of May, during which
a drop to 52% was observed, potentially indicating a sensor fault. The extracted
Chl‐a concentrations measured by the fluorometer were compared to the YSI
6600 sonde values. The minimum fluorometric Chl‐a concentration was
measured on the 22nd of February of 0.3 µg L‐1. During the sampling period,
prominent extracted Chl‐a peaks were detected. The first spring peak occurred
on the 26th of April (7.7 µg L‐1) and persisted until the 30th of April at 6.7 µg L‐1,
thus defining the spring bloom. Another Chl‐a fluorescence peak was detected on
the 10th of July where the Chl‐a recorded a higher value than spring peak of 9.7
µg L‐1 and fluctuated until the 2nd of August at 5.3 µg L‐1. Chl‐a fluorescence values
declined after the second phytoplankton bloom until the end of the sampling
period in November. A significant relationship was observed between Chl‐a
fluorescence and dissolved oxygen with a weak positive correlation (r = 0.5, n =
31, p ≤ 0.05) in Figure 3.2. During 2013, there was no complete time series data
for turbidity by the multi‐probe YSI 6600 Sonde due to an inoperative turbidity
sensor. Vertical profile for temperature, salinity and oxygen saturation were
measured by YSI 6600 Sonde from sea water surface to 8 m depth showing the
water column to be well mixed on most days. Temperature vertical profiles
showed a well‐mixed water column increasing as an expected pattern from
spring to summer season with maximum reached in July (Figure 3.3‐A). However,
salinity showed some stratification through the water column, as salinity
increased during spring and summer giving a stratified water column with low
salinity water (24‐27) observed in late February and around the 19th of June
(Figure 3.3‐B). The distribution of oxygen saturation showed the elevated
concentrations of oxygen in spring and summer with a non‐stratified water
44

column (data not available between 21/3 and 12/4/2013 due to faulty sensor)
see Figure 3.3‐C.
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Figure 3.1Time series of water column parameters; temperature, salinity and oxygen saturation, measured by YSI 6600 and
extracted fluorometric Chl‐a, and Environmental Agency data from Hound buoy (in red diamond) in Southampton Water March‐
November, 2013. Outliers have been removed from the oxygen saturation data. Oxygen saturation sensor stopped working
between 21/3‐12/4/2013.
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Figure 3.2 Comparison between oxygen saturation and average concentrations of extracted Chl‐a in Southampton Water (March‐
November), 2013.
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Figure 3.3 Contour plots showing the vertical profile (0‐8 meters) of physical parameters measured in Southampton Water (February‐
November), 2013 (A) Temperature °C; (B) Salinity; and (C) Oxygen saturation %.
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3.1.1.2 Physical parameters during the 2014 sampling program
In 2014, water sample collection was less frequent and took place from early May
targeting the phytoplankton bloom period which was evident from the EXO2
sonde mounted on the Xylem data buoy. Surface water temperature recorded by
a YSI 6600 multi probe ranged between 13.2 °C and 19.9 °C. The Xylem data buoy
temperature recorded similar values to YSI 6600 probe during the same
sampling dates between 13.2 °C on the 12th of May and 19.8 °C on the 26th of June
as shown in Figure 3.4. Water sampling was not carried out in July and August
due to unavailability of the boats. In addition, the Xylem data buoy measurements
were not available from the 1st to the 24th of July due to buoy sensor fouling.
During 2014, sampling started on the 12th of May with the onset of phytoplankton
blooms and the salinity values measured by YSI 6600 probe were between 28.8
and 33.6 with an average of 31.9, exhibiting similar ranges measured by the
Xylem data buoy (32.2‐ 29.3). The lowest detected salinity value by the YSI 6600
sonde was 28.8 on the 11th of June and highest was 33.6 on the 10th of November
at the end of summer following periods of high solar radiation and prior to winter
rainy season. Similarly, salinity measurements by the Xylem data buoy detected
the lowest value of 26.9 on the 26th of June and a high of 31.3 on the 5th of
September with an average of 29 between May to October. The continuous
measurements recorded by the data buoy stopped on the 10th of October, 2014.
Oxygen saturation measurements from the YSI 6600 between May and June were
similar to those given by the Xylem data buoy. Values recorded by YSI 6600 probe
ranged from a minimum of 80% on the 12th of May at the lowest Chl‐a
fluorescence and a maximum of 132% on the 26th of June during the peak of
phytoplankton blooming. A narrower range of oxygen saturation was measured
by the data buoy (94 ‐ 124%) within the same sampling period. Conversely,
during the second part of the sampling period (September‐October) the data
buoy recorded higher percentages of oxygen saturation than the YSI6600 probe
(97.4 ‐ 113.2%) and (79.9 – 96.9) respectively. The minimum Chl‐a concentration
was 1.1 µg L‐1 recorded on the 13th of October and maximum of 8.5 µg L‐1
recorded on the 29th of May determined from extracted Chl‐a measurements.
However, the Xylem data buoy probe recorded some similar values within the
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same period of sampling dates but with a higher range than the extracted Chl‐a
concentrations. The maximum value measured by the Xylem data buoy probe
was 22.5 µg L‐1 on the 26th of June and minimum of 0.9 µg L‐1 on the 3rd of October.
A strong positive significant correlation was observed between Chl‐a
fluorescence and oxygen saturation measured by the data buoy (r = 0.7, n =
14428, p< 0.0001).Turbidity measurements by the Xylem data buoy averaged
between 0.2 to 44 NTU with generally values less than 10 NTU on average. The
spring‐neap tidal cycle in Southampton Water can be seen to influence the
turbidity measured by the Xylem data buoy. During the semidiurnal tidal cycle,
high peaks of Chl‐a were generally detected during the neap tides (r = ‐ 0.3, n =
14428, p < 0.0001), e.g. during late June (Figure 3.4).
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Figure 3.4 Time series of environmental parameters measured by the Xylem data buoy with EXO2 sonde at 1m below the surface,
YSI 6600 sonde, and Environment Agency data from Hound buoy (in red diamond) for temperature, salinity, oxygen saturation,
and turbidity in Southampton Water May‐October, 2014. Vertical red lines indicate water sampling date near data buoy and red
dots indicate measured values by YSI 6600 multiprobe. Fluorometric extracted Chl‐a concentrations are compared to Xylem data
buoy chlorophyll sensor data. Data removed from 30th of June‐ 24th of July due to fouling and sensor inactivity. Water sampling
stopped between July and August.
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3.1.1.3 Physical parameters during the 2015 sampling program
In 2015, similar to 2014, discrete water sampling was conducted less frequently
than in 2013. Sampling was specifically targeted at periods of when
phytoplankton were increasing as indicated by the data from the Xylem data
buoy. Accordingly, water sampling and YSI 6600 sonde field measurements were
carried out between April and August and the data provided by the Xylem data
buoy were extracted for the period between February and August (Figure 3.5).
Surface water temperature recorded by the YSI 6600 Sonde was at a minimum of
13 °C on the 20th of April and reached a maximum of 19.5 °C on the 10th of August
2015. The Xylem data buoy water temperature values followed the expected
annual seasonality, and were similar to the YSI 6600 Sonde measured values,
ranged between 11.4 and 19.6 °C (Figure 3.5). The salinity average was 32.5 and
ranged between 30.9 and 33.6, comparable to the proceeding years, with the YSI
6600 surface values closely agreeing with the Xylem data buoy measurements.
Oxygen saturation values during 2015 measured by the Xylem data buoy ranged
between 97 and 110%, and were comparable to values measured using the YSI
6600 probe of between 93% and 98% considering the relatively short sampling
period (April‐August).
In contrast to data from 2014, the fluorometric extracted Chl‐a values of 2015
sampling period were higher than Xylem data buoy measured values. The
maximum extracted Chl‐a peak of 5.6 µg L‐1 was measured on the 12th of June and
the minimum of 2.2 µg L‐1 on the 16th July. Moreover, the maximum Chl‐a
fluorescence value measured by Xylem data buoy during the sampling period was
3.4 µg L‐1 on the 20th of April and minimum of 1.5 µg L‐1 on the 5th of June. A
significant relationship with positive correlation was observed between Chl‐a
fluorescence and dissolved oxygen measured by the Xylem data buoy (r = 0.4, p
< 0.0001, n = 17410). Turbidity measurements averaged between 0.5 to 33.7 NTU
and generally values were below 10 NTU with clear spring‐neap tidal cycle
indicated evident by the 2 weekly changes in minimum and maximum turbidity
values (Figure 3.5). Chl‐a concentration in April increased with increasing
turbidity during the spring tide; with increases in Chl‐a fluorescence less obvious
during neap tides in comparison to 2014.
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Figure 3.4 Time series of environmental parameters measured by the Xylem data buoy with EXO2 sonde at 1m below the surface,
YSI 6600 sonde, and Environmental Agency data from Hound buoy (in red diamond) for temperature, salinity, oxygen saturation,
and turbidity in Southampton Water February‐August, 2015. Vertical red lines indicate water sampling date near data buoy and
red dots indicate measured values by YSI 6600 multiprobe. Fluorometric extracted Chl‐a concentrations are compared to Xylem
data buoy chlorophyll sensor data. Chl‐a fluorescence data and turbidity from the EXO2 sonde has been removed from 29/3 to
8/4/2015 due to fouling of optical sensors. Water sampling from April‐August, 2015.
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3.1.2 Christchurch (Mudeford Quay) Harbour environmental parameters
2013
Water sample collection from Mudeford Quay at the entrance to Christchurch
Harbour was undertaken, almost weekly, at low tide between April and
November, 2013. The water temperature at Mudeford Quay ranged between 11.2
and 13.7 °C in May and increased reaching the maximum in July, between 18 and
23°C. . Surface water salinity varied during the sampling period with a lower
average compared to Southampton Water due to fresh water input from the river
Avon and Stour and sampling at low tide. The lowest recorded salinity value was
1.3 on the 3rd of May and the highest was 22.5 on the 23rd of July (Figure 3.6‐B).
Salinity was low during the high river discharge period from the start of sampling
until late June (1.3‐1) and increased with elevated temperature and solar
radiation in July and August (13.6 ‐ 2). The variability of salinity measurements
compared between Southampton Water and Christchurch Harbour is the most
noticeable among all other physical parameters as shown in Figure 3.6‐A&B. The
dissolved oxygen saturation varied throughout the sampling period with a range
between 86.4% and 150.5% reaching the maximum value on the 10th of July. Chl‐
a concentration fluctuated throughout the sampling period with generally larger
range of fluorometric extracted values than Southampton Water. The first Chl‐a
peak was on the 3rd of May with the highest extracted Chl‐a concentration of the
two estuaries of 44.3 µg L‐1 detected at Mudeford Quay. The extracted Chl‐a
concentration then declined and showed a second summer Chl‐a peak on the 28th
of June of 22.0 µg L‐1 but lower in range than the spring peak. Unlike Southampton
Water, Christchurch Harbour showed a major spring bloom with a high range of
Chl‐a concentration (Figure 3.6‐B). Noticeably, there was no correlation between
the oxygen saturation and extracted Chl‐a in water samples. Salinity was the most
distinct parameter between the two estuaries and detected with lower range in
Christchurch Harbour when compared to Southampton Water. Although similar
major peaks of extracted Chl‐a were observed in both estuaries indicating spring
and summer blooms, Christchurch Harbour concentrations were higher than
Southampton Water with a major spring phytoplankton bloom in April.
Temperature and oxygen saturation values were similar with an expected annual
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trend in both estuaries. There was no available data for turbidity for 2013 in
Christchurch Harbour.

55

(A)

(B)

Figure 3.5 Time series of environmental parameters; temperature, salinity, oxygen saturation, and fluorometric extracted Chl‐a
for both estuaries. Temperature, salinity and oxygen saturation measured by YSI 6600 probe/ Exo2 sonde between February‐
November, 2013. (A) Southampton Water, (B) Christchurch (Mudeford Quay) Harbour. Additional box plots shown‐ with median,
quartiles, and outliers.
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The environmental parameters when expressed in box plots for both estuaries
show the data distribution and skewness. Temperature had a wider range in
Southampton Water compared to Christchurch Harbour with longer whisker
toward low temperature and similar median about 16 °C for both estuaries.
While salinity measurements from Southampton Water had a narrow range,
skewed to the upper quantile of the data with outliers between 24 and 27,
Christchurch Harbour box plot showed a wide fluctuation in salinity throughout
the sampling program with a median around 13 and lower and upper outliers
indicating the wide range of salinity. Both estuaries showed an over saturation
with oxygen while Southampton Water median was about 98% and Christchurch
Harbour median about 105%. Both estuaries showed outliers of around 145%,
and Christchurch Harbour showed skewness of the data toward the upper
saturated values. Chl‐a concentrations in Christchurch Harbour showed higher
mean concentrations than Southampton Water with median about 10 µg L‐1
whereas, Southampton Water median was around 2.2 µg L‐1. The upper outliers
indicated Chl‐a bloom events occurred in Christchurch Harbour with two outliers
and three in Southampton Water indicating spring and summer bloom events
and data skewed to low Chl‐a concentrations.

3.2 Results of chemical parameters: Inorganic nutrients
3.2.1 Southampton Water 2013
Dissolved inorganic nutrient concentrations of nitrate (NO3), phosphate (PO4),
and silicate (Si) showed some seasonal changes over the sampling period during
spring and summer in Southampton Water. During late February, average nitrate
concentration was high following winter increased river flow and declined in late
April during the initial phytoplankton growth period (Figure 3.7). Nitrate mean
concentrations ranged between 78.4 and 93.4 µmol L‐1 from the 22nd of February
until the 19th of April then depleted reaching the lowest value of 10.9 µmol L‐1 on
the 26th of July following a second phytoplankton bloom (Figure 3.7‐A). There
was no significant relationship with Pearson’s correlation test detected between
the fluorometric extracted Chl‐a and nitrate concentrations (Figure 3.9‐B).
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Phosphate and silicate average concentrations showed similar trends with high
concentrations at the beginning of the sampling period and depleting during the
spring phytoplankton bloom. Phosphate was detected with a minimum of 0.09
µmol L‐1 on the 26th of July and maximum of 1.9 µmol L‐1 on the 22nd of February
while silicate was detected with a minimum of 1.4 µmol L‐1 on the 19th of July and
maximum of 33.9 µmol L‐1on the 22nd of February. Three outliers were removed
from the data which were suspected to be artefacts of contamination in the
nitrate analysis of the collected water sample. Salinity showed a negative
correlation with nitrate concentration comparing pairs of measurements from
March to November 2013 (r = ‐0.8, p < 0.05, n = 31) (Figure 3.8‐A). Similarly,
phosphate and silicate showed significant strong correlations with salinity (r = ‐
0.6, n = 33, p < 0.05), and (r = ‐0.6, p < 0.05, n = 34).
3.2.2 Southampton Water 2014
During 2014, a similar pattern of changes in dissolved inorganic nutrient
concentrations were detected at the sampling location in Southampton Water.
Nitrate mean concentrations ranged between 16.9 and 89.2 µmol L‐1, whereas
phosphate concentrations ranged between 0.06 and 1.7 µmol L‐1 as shown in
Figure 3.7‐B. There was no correlation between extracted Chl‐a and inorganic
nutrients i.e., nitrate, phosphate, and silicate detected during the sampling
period. A negative trend was detected between salinity and nitrate (r = ‐0.5, n =
9, p < 0.035).
3.2.3 Southampton Water 2015
During 2015, sampling in Southampton Water started in late April and continued
to August targeting the spring and summer phytoplankton blooms. Unlike 2013
and 2014, nitrate, phosphate and silicate showed a positive correlation with the
extracted Chl‐a (r = 0.7, r = 0.8, r = 0.6, n = 6, p < 0.05). However, nitrate showed
a negative trend with salinity (r = ‐0.6, n = 6, p < 0.1).
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(A)

(B)

(C)

Figure 3.7 Temporal changes of extracted fluorometric Chl‐a concentration, and inorganic nutrients: nitrate, phosphate and silicate in
Southampton Water (A) 2013 February‐November (B) May‐November (2014). (C) April‐August, 2015. In 2014 Water sampling stopped (July‐
August).
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(A)

(B)

(C)

(D)

Figure 3.8 Comparison between average nutrient concentrations and salinity in (A) nitrate and salinity Southampton Water in
(2013, 2014, and 2015)(B) nitrate and salinity in Southampton Water and Christchurch Harbour (March‐November), 2013, (C)
phosphate and salinity (2013, 2014, and 2015), and (D) silicate and salinity in Southampton Water (2013, 2014, and 2015).
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3.2.4 Christchurch Harbour 2013
Inorganic nutrient concentrations detected in Christchurch Harbour (Mudeford
Quay) showed greater variation when compared to Southampton Water due to
higher river flow rates, and time of sampling. Nitrate, phosphate and silicate were
detected at higher concentrations in Christchurch Harbour compared to
Southampton Water ranging between 149.4 and 510.3 µmol L‐1 for nitrate,
between 2.2 and 10.9 µmol L‐1 for phosphate and 25 and 184.1 µmol L‐1 for
silicate (Figure 3.10). Fluorometric extracted Chl‐a showed a strong positive
correlation with the nitrate levels in Christchurch Harbour with significant
relationship (r = 0.7, n = 29, p < 0.0001) (Figure 3.9‐A). Phosphate and silicate
showed negative trends with extracted Chl‐a. However, salinity had strong
negative correlation with nitrate (r = ‐0.9, n = 29, p < 0.0001) (Figure 3.8‐B).
Silicate had a negative trend with salinity (r = ‐0.4, n = 29, p < 0.073), while
phosphate showed a non‐significant relationship (r = ‐ 0.261, n = 29, p < 0.17)
compared to salinity.
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(A)

(B)

Figure 3.9 Comparison between extracted Chl‐a concentrations and NO3 concentrations in
(A) Southampton Water and Christchurh Harbour (April‐August), 2013 and (B) Southampton
Water (2013, 2014, 2015).
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(C)

Figure 3.10 Temporal changes of fluorometric Chl‐a concentrations, and inorganic
nutrients concentrations: nitrate (NO3), phosphate (PO4), and silicate (Si) in
Christchurch Harbour (Mudeford Quay) April‐November (2013).
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3.3 Discussion
Monitoring environmental parameters of surface at two contrasting
estuaries
Temperate estuaries usually reveal distinct seasonal gradients in physical and
chemical parameters that influence the development of phytoplankton
populations. The sampling program in Southampton Water during 2013, 2014
and 2015 and Christchurch Harbour in 2013 showed temporal and spatial
dynamics of physical parameters (water temperature, oxygen saturation, and
salinity), chemical parameters (nutrients e.g. nitrate, phosphate and silicate) in
comparison to changing water column Chl‐a concentrations.
Southampton Water environmental parameters
In Southampton Water, seasonal variability in surface water temperature
showed similar ranges during the three years of sampling reaching a maximum
in early August of 21.4 °C in 2013. A similar range of salinity was detected as
reported in previous studies in the mid estuarine waters of Southampton Water
of between 30 and 35 (Howard et al., 1995; Wright et al., 1997), with some lower
values detected in late winter 2013 due to increase winter river flow.
Southampton Water typically receives an annual discharge of freshwater from
the Test and Itchen rivers equivalent to 1.54 x106 m3 day‐1 (Hydes, 2000).
Surface water environmental factors of nutrients and light intensity are known
to contribute to the initiation of phytoplankton growth during spring in
Southampton water (Iriarte and Purdie, 2004). Comparatively, late on in April of
2013 temperature increased above 12 oC and with early spring high nitrate and
phosphate concentrations the initiation of the phytoplankton spring bloom
occurred as seen in earlier studies e.g. (Kifle and Purdie, 1993; Ali, 2003; Iriarte
and Purdie, 2004;). Surface water oxygen saturation increased simultaneously
reaching peak saturation levels of 117% on the 26th of April indicating high rates
of phytoplankton photosynthesis. A second peak in Chl‐a (up to 9.5 µg L‐1) in July
also produced high levels of oxygen saturation (maximum143%). Chl‐a
measurements from the YSI 6600 sensor were not continuously reliable in 2013
due to fouling of sensor. Spring and summer phytoplankton bloom events
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occurred in Southampton Water with a major spring (26th April, 2013) Chl‐a
bloom (8 µg L‐1) being lower than in studies from earlier years e.g. May 19th 1999,
22 µg L‐1 (Ali, 2003). A second Chl‐a peak then occurred in July 2013 with value
of 9.8 µg L‐1.

In 2014 and 2015, water quality data from the Xylem data buoy was available
with high frequency (every 15 minutes) providing daily access to water
temperature, salinity, and dissolved oxygen, Chl‐a and turbidity data. This
allowed sampling effort close to the buoy to be targeted to coincide with peak in
Chl‐a indicative of phytoplankton blooms. The in situ monitoring systems
provided long term water quality measurements and despite the body of the
EXO2 instrument becoming quite heavily fouled by barnacles and ascidians
(Delauney et al., 2010). The optical sensor windows remained clear of fouling due
to the regular action of the central wider on the EXO2. Almost all the recorded
measurements made with the YSI 6600 multiprobe, during sampling visits to the
data buoy, of temperature, salinity, and dissolved oxygen and the Chl‐a
determined from filtered water samples showed close agreement with the values
from the Xylem data buoy (see Figures 3.4 and 3.5).
In 2014, the water quality data from the EXO2 was only available from 15th May
following its deployment in Southampton Water. A spring peak in Chl‐a occurred
during neap tides at the end of May (sample date 29th of May) which was later
than in 2013 but assuming there was little growth of phytoplankton prior to the
buoy deployment. This delayed growth may be explained by increased water
column mixing due to fast wind and tidal currents and high turbidity of the water
column prior to the end of May. A second increase in Chl‐a occurred in late June
according to the data from the EXO2 data buoy although the discrete Chl‐a sample
did not indicate such a high concentration of chlorophyll. In 2015, the spring Chl‐
a peak occurred earlier in mid‐April and unlike 2014 coincided with high
turbidity and during spring tides. There was an unfortunate break in the Chl‐a
and turbidity data between 1st and 24th of July due to a malfunction of the wiper
on the EXO2 suspended below the data buoy however, this did not affect the
oxygen sensor which showed no increase in saturation indicative of a
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phytoplankton bloom prior to mid‐April, 2015. Oxygen saturation detected by
the Xylem data buoy EXO2 sensor in both years showed a pattern of elevated
values during phytoplankton blooms. With high values up to 120% during the
April bloom in 2014 and up to 140% in June 2014 and April 2015 as noted in
other estuaries (Cloern, 1996). Previous studies by Iriarte and Purdie (2004) in
Southampton Water have suggested the spring bloom only occurs after the water
temperature has increased above 12 °C. In 2013, the water temperature was 10
°C, during the first spring bloom in April, whereas in May 2014 it was 15 °C, and
13 °C in April 2015. This factor did not have a major influence on the onset of
phytoplankton bloom as the previous year (2013) during which the spring bloom
was detected at 10 °C.
Other factors that may affect the onset of phytoplankton blooms in temperate
estuaries like Southampton Water include heavy rainfall which may flush out
phytoplankton cells, benthic grazing by microzooplankton (Azam et al., 1983)
causing the loss of cells and delay of the bloom due to strong water column
mixing from wind and tide (Paerl and Justic, 2011; (Canion et al., 2013; Gypens
et al., 2013). Townsend et al. (1994) explained by a numerical simulation model
about factors affect the variability of the timing year‐year of the phytoplankton
bloom onset in both open oceans and inshore coastal waters. Several important
factors that affect the commencement of the spring phytoplankton bloom in
estuaries include solar radiation (less cloudy days), wind strength and direction
which may affect the phytoplankton abundances.
Southampton Water is known for unequal spring and neap tides associated with
lunar month as the spring tide has a high range up to 4.5 m (Wright et al., 1997).
The estuary has low suspended solid values generally compared to many other
temperate UK estuaries which provides good irradiance conditions for the
formation of phytoplankton blooms (Iriarte and Purdie, 2004). During 2014 and
2015, the Xylem data buoy provided continuous monitoring data of turbidity
which clearly highlighted the neap‐spring tidal cycle dynamics and allowed
comparisons with the phytoplankton growth periods. In 2014, Chl‐a
concentrations generally showed higher values during neap tides coincident with
low water column turbidity (Figure 3.4). In 2015 the spring bloom in mid‐April
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however occurred at the same time as the spring tide which was noted in some
earlier studies (Cloern, 1996; Crawford et al., 1997; Wright et al., 1997;
Domingues et al., 2010).

Christchurch (Mudeford Quay) Harbour environmental parameters
Christchurch Harbour is temperate enclosed shallow estuary fed by two rivers
the Stour and Hampshire Avon. The estuarine sample collection in 2013 occurred
on most days at low tide at Mudeford Quay. Water temperature followed a similar
seasonal pattern to the surface waters of Southampton Water with maximum of
21.8 °C on the 10th of July. The high river discharge into Christchurch Harbour
and the low average depth and hence volume of estuary plus sampling at low tide
affected the salinity range measured at Mudeford Quay ranging from 1.3 to 22.
Phytoplankton blooms were detected in Christchurch Harbour (Mudeford Quay)
during spring and summer with one major Chl‐a peak on the 3rd of May of 44 µg
L‐1 and other Chl‐a peaks of around 20, 22 µg L‐1 on the 23rd of May and 28th of
June in addition to a lower Chl‐a peak in August of 15 µg L‐1. The Oxygen
saturation showed exhibited a noticeable high concentrations after the onset of
the phytoplankton bloom events throughout the spring and summer in Figure
3.6‐B, with super‐saturation reached 150% on the 10th of July. It is obvious that
seasonal changes during spring and summer seasons of physical and chemical
parameters detected in change the ecosystem in Southampton Water and
Christchurch harbour as on the this study goals.
Chemical parameters: Inorganic nutrient
Southampton Water
In Southampton Water, sampling location in this study was at the mid‐estuary as
seen in Figure 1.4, (Torres‐Valdes and Purdie, 2006 and is fed by nutrients loads
from the Test and Itchen Rivers discharge with an average annual 1.54 x106 m3
day‐1in addition to sewage discharge (Hydes, 2000). Evidently, nutrients are
significant indicators of the riverine and anthropogenic input (Townsend et al.,
1994; Fisher et al., 2006; Sin et al., 2013). In present study, relatively high
concentrations of nitrate, phosphate and silicate, were observed at early
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sampling period between late winter (February) until mid‐spring (April) nitrate
averaged between 78.4 and 93.4 µmol L‐1, and declined during mid‐July to 10.9
µmol L‐1. Previous study by Ali, (2003) in Southampton Water observed higher
nitrate (12‐180 µmol L‐1), phosphate (0‐5 µmol L‐1) and silicate (8‐75 µmol L‐1)
concentrations during spring and summer seasons. Phosphate followed the same
pattern of depletion after the phytoplankton spring bloom. The depletion of the
inorganic nutrients after the phytoplankton bloom events indicated their
biogeochemical role of transforming the inorganic form of nutrients into an
organic form and consumption (Bacelar‐Nicolau et al., 2003; Caffrey et al., 2003;
Santoro et al., 2008; Voss et al., 2011). The followed years (2014 and 2015)
showed similar concentrations of the nutrients and pattern, as they declined after
the bloom of phytoplankton detected.
Despite the fact that phytoplankton production during the bloom consume
nitrogen for the photosynthesis process, Chl‐a concentrations are not
significantly correlated to nitrate. Moreover, freshwater from rivers are
continuously input in estuarine water in addition to natural ammonium
regenerated by denitrification from the wastewater discharge (Torres‐Valdes
and Purdie, 2006). Moreover, phosphate and silicate not significantly related to
phytoplankton blooms (Lancelot and Muylaert, 2011). Correspondingly, analysis
of nutrient loads on several UK estuaries by Nedwell et al. (2002) considering the
regional variation of the estuary addressed that phytoplankton spring bloom
significantly correlated with nitrate and phosphate but not with silicate.
However, in my study and during the three investigated years, Chl‐a
concentrations were not correlated to nitrate in Figure 3.9, and may explained
that among other tested estuaries in UK, sewage treatments works (STWs) and
fluvial nitrate loads contributed significantly in Southampton Water by (8%)
investigated 1995 to 1996 (Nedwell et al., 2002). Similar findings were reported
by Hitchcock and Mitrovic, 2015, in the Bega and Clyde River estuaries, Australia
that Chl‐a were not correlated to nitrogen and phosphorus during two years of
continuous monitoring. One of the possible explanations made by (Currie and
Klaff, 1984), that heterotrophic bacteria consume more than phytoplankton of
the available inorganic nutrients because of their greater surface area to volume
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ratio. All investigated nutrients (NO3, PO4, Si) during the three years showed
significant negative correlations with salinity (Figure 3.8‐A), and clearly
significant coefficient correlation with nitrate during the three years of analysis
in Southampton Water (r = ‐0.7, p < 0.05 n = 31). As had been noted, that coastal
waters and estuarine is nitrogen limited, while fresh water is phosphorus limited
(Nedwell et al., 2002; Voss et al., 2011; Cira et al., 2016). However, phosphorus
limitation noted sometimes in estuaries and coastal waters either phytoplankton
removal or adsorption of particulate organic matter, and as Southampton Water
is low in suspended particulate matter (SPM) (Statham, 2012).
The variability between the rich nutrients (nitrate, phosphate, and silicate)
Christchurch Harbour water and low nutrients Southampton Water in addition
to the salinity differences due to geography and elucidate the significant opposite
trend between salinity and nutrients variabilities in both estuaries in Figure 3.6‐
A affect the phytoplankton species and different bacterial phylogenetic groups.
Christchurch Harbour
The high nutrient loads observed in Christchurch Harbour followed the expected
pattern with low salinity and higher Chl‐a concentrations detected during the
blooming events when compared to Southampton Water. A comparison between
Chl‐a and nutrients concentrations in the two estuaries are shown in Figure 3.11.
Unfortunately, limited data were available on Christchurch Harbour site.
Nutrients, (mainly nitrogen, phosphate and silicate) as the second most
important parameter or a limiting factor after light evident to be in demand for
the trigger of phytoplankton growth where by the light mostly limiting for diatom
growth (Hecky and Kilham, 1988; Howarth and Marino, 2006; Lancelot and
Muylaert, 2011). Notably in the present study, nitrate and silicate concentrations
were higher than phosphate with an average concentration of nitrate 149.4 and
510.3 µmol‐1, phosphate 2.2 and 10.9 µmol‐1, and 25 and 184.1 µmol‐1 for silicate.
Nitrate, significantly and positively correlated with Chl‐a concentrations (r = 0.7,
p <0.05, n = 29) in Figure 3.9. Comparatively, salinity in Christchurch Harbour
was the most distinctive parameters as the fresh water input with two river flow
(Stour and Avon) into the estuary with its closed system to the sea.
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Notably, nitrate concentrations were significantly and negatively correlated with
salinity (r = ‐0.9, p < 0.0001, n = 29) in Figure 3.8, as with sharp salinity gradients
in Christchurch harbour between 1.3 and 22 when compared to high salinity in
Southampton Water, whereas phosphate, exhibited no‐significant relationship.
That could be explained that fresh water is enriched with nitrogen and phosphate
limited. Coastal marine waters evident to be enriched with phosphate release
from different sources like sediment release, atmospheric phosphate, upwelling
of offshore sea waters (Blomqvist et al., 2004; Sylvan et al., 2006; Paerl and Justic
2011). Considering that nutrients may be uploaded in the waters from other
sources such as: anthropogenic sources, waste water discharge and other
groundwater inputs (Fisher et al., 1988; Sylvan et al., 2006; Paerl and Justic,
2011).
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Figure 3.11 Comparison between extracted Chl‐a concentrations and nutrients in
Southampton Water and Christchurch Harbour (A) Chl‐a & NO3 in the two estuaries, (B) Chl‐
a & PO4 in both estuaries, and (C) Chl‐a & Si in both estuaries.
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Chapter 4: Investigation of microbial planktonic
communities’ abundance and structure
4.1 Results of phytoplankton abundances
4.1.1 HPLC pigments analysis
Phytoplankton accessory pigments were analysed by High Performance Liquid
Chromatography (HPLC) to detect the primary pigments, namely Chl‐a,
fucoxanthin, peridinin and alloxanthin, as biomarkers for different taxonomic
phytoplankton phyla. Elevated values of the identified pigments during the
sampling period indicated the most abundant groups within the population of
phytoplankton. Notably, most of the accessory pigments showed a similar
temporal variation to microscopic phytoplankton count during the three years.
Chl‐a was the most abundant pigment detected and showed high peaks in spring
and summer indicating blooms in each year (Figure 4.1). During 2013,
fucoxanthin was the second most abundant pigment detected during the spring
bloom peaking at 2.7 µg L‐1 on the 26th April of and then at 2.4 µg L‐1 on the 7th
May (Figure 4.1‐A). Further peaks of fucoxanthin were detected during the
summer bloom with 2.0 µg L‐1 on the 10th July and 2.6 µg L‐1 on the 19th July. The
concentration of peridinin was less than 0.2 µg L‐1 or undetectable during the
spring bloom then increased up to the 26th June to 0.7 µg L‐1 and continued with
detectable levels until the 9th of August with 0.2 µg L‐1. Alloxanthin was detected
in low concentrations but showed a peak on the 10th July of 0.23 µgL‐1.
During 2014, the first peak of Chl‐a was detected on the 29th of May (5.9 µg L‐1)
and continued until the 26th of June with 4.5 µg L‐1 (Figure 4.1‐A). In late summer,
an exceptional Chl‐a peak was detected on the 19th of September of 4.3 µgL‐1. A
fucoxanthin peak was detected on the 26th of June of 1.1 µg L‐1 and further peaks
were detected from the 5th to the 19th of September of 0.6 – 0.4 µg L‐1. Similarly,
the highest detected value of peridinin was on the 26th of June of 0.7 µg L‐1 which
indicated the favourable time of the year for dinoflagellates to increase in
abundance (Cloern, 1996). Another small peak of peridinin was detected on the
5th of September of 0.2 µg L‐1. Alloxanthin showed a maximum value towards the
end of the sampling period between the 5th and 19th September of 0.1 µg L‐1.
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During 2015, Chl‐a was detected with two main peaks of 4.9 and 3.4 µg L‐1 on the
5th and the 10th of August, respectively. Fucoxanthin was the second dominant
pigment, similar to 2013 and 2014 with peaks of 0.8 – 0.9 µg L‐1 on the 20th of
April and the 29th of May respectively (Figure 4.1‐C). Alloxanthin was evident as
the least dominant accessory pigment with peaks of 0.2 and 0.4 µg L‐1 on the 12th
of June and the 10th August respectively. Box plots in Figure 4.1 show the
accessory pigments distributions with median values, skewness of the data and
the outliers which reveal the blooming of the phytoplankton group.
Notably, extracted Chl‐a concentrations detected by fluorometer were
overestimated HPLC concentrations as illustrated in Figure 4.2. However, there
was a significant positive relationship with Pearson’s coefficient correlation
between the two methods(r = 0.9, n = 50, p < 0.0001).
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Figure 4.1 Temporal distributions of major accessory pigments detected by HPLC: Chl‐a, fucoxanthin, peridinin and alloxanthin
concentrations in Southampton Water (A) March‐November, 2013, (B) May‐November, 2014. And (C) April‐August, 2015. Summary box
plots with each accessory pigments showing quartiles, median, and outliers.
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Figure 4.2 Correlation of extracted Chl‐a between HPLC and fluorometer measurement
method in Southampton Water for 2013 (March‐November), 2014 (May‐November),
2015 (April‐August). Dashed line is 1:1.
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4.1.2 Microscopic identification
During 2013, 35 water samples were analysed for different phytoplankton
taxonomic groups including more than 20 diatom species, 4 dinoflagellates
species, 3 ciliates species, and 3 flagellates species (Teleaulax sp., Cryptomonas
sp., Eutreptiella sp.) as shown in Table 1. In general, diatoms were observed as
the most abundant group during the sampling period with some temporal
variations. Diatoms constituted 80% of the total phytoplankton group’s
abundance on the 12th of April and continued until the 26th of April with 79%
with counts of 115 cells ml‐1 dominated by Skeletonema sp. and Thalassiosira sp.
Other diatoms species observed during the same period with less abundance
included Chaetoceros sp. and Asterionella sp. Dinoflagellates were the second
most abundant group of phytoplankton comprising up to 52% of the total
phytoplankton groups on the 3rd of July and dominated by Scripsiella sp. of 18
cells ml‐1. Also, dinoflagellates formed 62% of the total count on the 9th August
dominated by Prorocentrum sp. of 35 cells ml‐1. Teleaulax sp. dominated the
cryptomonads and varied in number throughout the sampling period, peaking
during summer bloom of 12 cell ml‐1 on the 10th of July. Whereas, Cryptomonas
sp. varied temporally during the whole sampling period peaking on the 10th of
July of 14 cells ml‐1 and the 2nd August of 11 cells ml‐1. Other less dominant species
were the euglenoids; e.g. Eutreptiella sp. that increased in number in spring to 11
cells ml‐1 and early summer on the 11th June of 14 cells ml‐1. A comparison of the
extracted Chl‐a concentration to the total abundance of the main taxonomic
groups of phytoplankton identified microscopically is indicated in Figure 4.3‐A.
During the second year of sampling, the abundances of the two major taxonomic
group's: diatoms and dinoflagellates, were detected in comparable counts.
Diatoms peaked during May and June and were mainly dominated by Chaetoceros
sp.; and reached the highest cell average of 36 cells ml‐1 on the 29th of May.
However, dinoflagellates dominated by Scrippsiella sp. and Prorocentrum sp.
increased in the average count on the 26th of June of 17 cells ml‐1 and 15 cells ml‐
1

respectively. Marine flagellates peaked on the 26th of June dominated by
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Eutreptiella sp. of 6 cell ml‐1 and Teleaulax sp. of 3 cells ml‐1 as shown in Figure
4.3‐B.
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Figure 4.3 Phytoplankton microscopic counts of dominant groups: Diatoms, Dinoflagellates, Cryptomonads, Haptophytes, and ciliates in
Southampton Water in (A) March‐ November, 2013 (B) May‐November 2014 (C) April‐August 2015. Box plot for each year showing
phytoplankton counts median, quartiles, and outliers.
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During 2015, water samples were collected between late April and August and
the bloom was detected in early to mid‐June when diatoms were the dominating
taxonomic groups with 87% of the total phytoplankton. During the blooming
period, both Chaetoceros sp. and Skeletonema sp. were the most abundant species
of diatoms (8 cell ml‐1, 7 cell ml‐1) (Figure 4.3‐C). Comparatively, dinoflagellates
showed an expected temporal pattern and increased during July and August,
comprising up to 47% of the total phytoplankton. Scrippsiella sp. and
Prorocentrum sp. were the dominant species during the summer bloom of 17
cells ml‐1 and 15 cells ml‐1 on the 10th of August. Similarly, marine flagellates of
Teleaulax sp., Cryptomonas sp. and Eutreptiella sp. peaked on the 10th of August
dominated by Teleaulax sp. 9 cells ml‐1. Markedly, there was significant positive
correlations between each phytoplankton group and dominant accessory
pigments during the three investigated years. Diatoms and dinoflagellates
showed significant correlations with the corresponding accessory pigments,
fucoxanthin and peridinin (r = 0.7, p < 0.0001, n = 44) and (r = 0.63, p < 0.00001,
n = 44) respectively (Figure 4.4). Additionally, alloxanthin pigment significantly,
positively, correlated with cryptomonads group (r = 0.6, p < 0.0001, n = 44).
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Figure 4.4 Correlation between HPLC pigment concentrations and microscopic counts of each dominant phytoplankton group in Southampton
Water, in 2013, 2014, and 2015 (A) Fucoxanthin and Diatoms, (B) Peridinin and dinoflagellates, and (C) Cryptomonads and Alloxanthin.
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4.2 Results of microbial planktonic abundances
4.2.1 Estimation of the total bacterioplankton abundances by DAPI
microscopic count
4.2.1.1 Southampton Water sampling program
Total abundance of bacterioplankton cells identified by epifluorescence
microscopy stained with 4', 6‐diamidino‐2‐phenylindole (DAPI) for the three
years of sampling (2013, 2014, and 2015) in Southampton Water and during
2013 in Christchurch (Mudeford Quay) Harbour are shown in Figure 4.9. During
2013, the total number of bacterioplankton average counts in samples collected
1m below surface were investigated between March and November. The average
counts in March were between 0.64 x106 cells ml‐1 and 1.0 x106 cells ml‐1 and
increased during April and May up to 1.5 x106 cells ml‐1. The average count of
microbial planktonic communities increased reaching a maximum of 4.2 x106
cells ml‐1 on the 9th of August. Notably, during late summer and autumn the
average counts decreased back towards 1.6 x106 cells ml‐1 on the 4th of
November.
4.2.1.2 Christchurch Harbour (Mudeford Quay)
In Christchurch harbour, the total microbial planktonic population cell count was
higher on average than in Southampton Water. As the sampling program started
in April 2013, the average bacteria count by DAPI was 3.8 x106 cells ml‐1 and
increased during summer reaching up to 4.7 x106 cells ml‐1 on the 23rd of July.
The minimum average counts detected towards the end of the sampling period
on the 4th of November was 1 x106 cells ml‐1 (Figure 4.9‐D).
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4.2.2 Estimation of the total microbial planktonic abundance by flow
cytometry
4.2.2.1 Method evaluation
The total number of microbial planktonic cells in water samples collected from
the estuaries were estimated using two different flow cytometry instruments, a
Partec and Cytosense. Cells were stained SYBR Green I, using a modified method
of Marie et al. (1997). The calibration of the two instruments were applied by
enumerating a monoculture of Halomonas sp. Similarly, the method of Marie et
al. (1997) was applied and compared to DAPI stained cells to test the efficiency
of the two instruments and develop the method for the total microbial planktonic
count in the natural estuarine samples. Two dilutions of 1:100 and 1:1000, were
used on 3‐days old culture diluted with artificial sea water (ASW) and counted
using the optical parameters side way scatter (SWS) and forward scatter (FWS)
for Partec, and (SWS) and yellow fluorescence (FLY) for Cytosense and compared
to the DAPI stain. The average counts of 20 fields by DAPI, and Partec
measurements in Table 4.1, showing consistent ratios between dilutions as the
1:100 count of 10.5 x106 cells ml‐1, while DAPI cell count was 8.3 x106 cells ml‐1.
Similar consistent ratio between the other dilutions which indicated comparable
counts of the two methods. Additionally, average counts of Halomonas sp.
dilutions were applied using Cytosense, shown in Table 4.2. As the first dilution
of 1:100 average count was 8.4 x106 cells ml‐1, while DAPI cell counts were 5.7
x106 cells ml‐1 and similar comparable numbers were observed by the other
dilution. Notably in both instruments, over estimation of the Partec and
Cytosense to the DAPI counts was observed.
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Table 4.1 Mean count of Halomonas sp. (+SD) by epi‐fluorescence microscope
using DAPI stain and Partec flow cytometry. Two dilutions were used for 3 days
old culture and 20 microscopic fields counted. SYBR Green I stain with (SWS),
and (FWS).

Dilution

DAPI 106 cells ml‐1

F.C. Partec 106 cells ml‐1

1:100

8.39 +21.3

10.57 + 0.76

1:1000

1.38 +5.5

1.78 + 0.47

Table 4.2 Average count of Halomonas sp. (+SD), by epi‐fluorescence microscope
using DAPI stain and Cytosense flow cytometry. Two dilutions were used for 3
days old culture. 20 microscopic fields. SYBR Green I stain with (SWS), and (FLY).

Dilution

DAPI 106 cells ml‐1

F.C. Cytosense 106 cells ml‐1

1:100

5.73 +17.5

8.39 + 0.89

1:1000

0.61 +6.3

1.38 + 0.63
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4.2.2.2 Field water samples
4.2.2.2.a Southampton Water (year 2013)
Enumeration of microbial planktonic population samples by the two instruments
was applied only to the 2013 water samples of the two estuaries. During 2013,
33 water samples collected from Southampton Water were analysed using a
Partec flow cytometer and cell counts compared with microscopic DAPI counts
(Figure 4.6‐A). Despite the consistent counts between the monoculture dilutions
and DAPI by Partec, the correlation between estuarine water samples and DAPI
was moderate, positive, but significant (r = 0.5, n = 33, p ≤0.001). Measurements
of the sideway scatter and forward scatter applied to total microbial planktonic
populations including all auto‐fluorescence and non‐fluorescence cells estimated
by Partec using fluorescence beads as standard with known number and size was
carried out; and the acquired data points were gated to estimate the total number
of bacteria. However, cytosense counts showed higher significant correlation of
total microbial planktonic population compared to microscopic DAPI count for
the time series of two estuaries. However, the cytosense count showed
overestimation in most of the sampling dates of total microbial planktonic
population considering the ratio of the error variances between the two methods
(cytometric analysis and epifluorescences microscopic counts). During 2013, 33
water samples in Southampton Water were analysed and total microbial
planktonic population was measured by cytosense. The gated area measuring the
sideway scatter (SWS) for cell size, and yellow fluorescence scatter (FYL) for
yellow green for SYBR Green I fluorescence, was assessed as optical parameters
in determining bacterial population. The total population showed variabilities
during the spring and summer with minimum detected was 0.4 x106 cells ml‐1 on
the 14th of May and a maximum of 5.5 x106 cells ml‐1 on the 9th of August. The
average coefficient variation (CV) of the cytosense enumeration for the 4 runs of
all water samples was 13.3%. A strong positive correlation between the
microscopic DAPI and the cytosense count with a significant relationship in
Southampton Water (r = 0.87, p < 0.0001, n = 33) in Figure 4.6‐B. Cytograms
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(Figure 4.5 A&B), show the gated microbial planktonic population in cytosense
measuring the SWS and FYL optical parameters of the population.

(A)
(A)

(B)
(B)

Figure 4.5 Cytograms showing bacterioplankton population measured on Total, FLY
(yellow fluorescence) and Total, SWS (sideway scatter) detected by Cytosense in
Southampton Water (A) on 3/7/2013 (B) on 26/4/2013. The mean (μ) and standard
deviation (σ) are shown.
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Figure 4.6 Correlation between the average cell counts enumerated by microscopic DAPI
stain and (A) flow cytometer ʺPartecʺ (B) Cytosense with standard errors of total
bacterioplankton population, in Southampton Water, March‐November 2013. Dashed line is
1:1. Solid line is regression line.
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4.2.2.2.b Christchurch Harbour
Similarly, during 2013 in Christchurch Harbour 30 samples were analysed by
cytosense and compared to total DAPI counts from April to November. The
average counts by cytosense were variable and detected a minimum of 1.8 x106
cells ml‐1 on the 23rd of May and a maximum of 4.9 x106 cells ml‐1 on the 10th of
July. A strong positive correlation between the two methods of enumeration of
microbial planktonic with significant relationship (r = 0.85, n = 28, p < 0.0001)
(Figure 4.7).. Similarly within Christchurch Harbour, cytosense counts
overestimated the bacterial population over the microscopic DAPI count in most
of the sampling dates as shown in Table A.1 in Appendix A. The average of the
coefficient variation (CV=4.9%) for the 4 runs was less variable than
Southampton Water of Cytograms (Figure 4.8), showing the gated microbial
planktonic population in cytosense measuring the SWS and FYL as optical
parameters of the population.
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Figure 4.6 Correlation between the average cell counts with (standard errors) by
microscopic DAPI stain and Cytosense for total microbial planktonic population
in Christchurch (Mudeford Quay) Harbour, April‐ November 2013. One outlier
removed. Dashed line is 1:1. Solid line is regression line.

(A)

(B)

Figure 4.8 Cytograms showing microbial planktonic population measured on Total, FLY
(yellow fluorescence) and Total, SWS (sideway scatter) detected by Cytosense in Christchurch
Harbour (A) on 16/4/2013 and (B) on 6/6/2013. The mean (μ) and standard deviation (σ) are
shown.
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4.2.3 Comparing total bacterioplankton to Chl‐a and temperature
The results of the total bacterioplankton count stained with DAPI and estimated
with epifluorescent microscopy, in addition to the total estimation by two flow
cytometry machines are presented in Figures 4.6 and 4.7. Despite the significant,
strong positive correlation between DAPI counts and Cytosense estimates
(compared to Partec with DAPI). DAPI cell count estimates were used as the
reliable count for the total bacterioplankton population and compared to the
total Chl‐a concentrations. There was no correlation between the average
bacteria counts by DAPI and extracted Chl‐a in Southampton Water during 2013.
During 2014, the lowest bacterial average count of 1 x106 cells ml‐1 was on the
12th of May and the highest of 3 x106 cells ml‐1 was on the 26th of June with cell
densities decreasing in September and October (Figure 4.9‐B). In 2015, sampling
started on the 20th April and cell densities remained within the same range
between April and May (1.2‐1.7 x106 cells ml‐1) and increased after the first
phytoplankton bloom during July and August reaching 3 x106 cells ml‐1 (Figure
4.9‐C).
Water samples from Christchurch Harbour detected with high Chl‐a
concentration were compared to Southampton Water during the same year of
sampling. A major peak was detected on the 3rd of May with Chl‐a of 44.3 µg L‐1
and continued with high concentration until the 28th of June showing another
peak on the 20th of August. The estuary was characterised also with high
concentrations of nutrients due to high riverine input (in section 3.1.1 inorganic
nutrients and Chl‐a were correlated analysed statistically). Chl‐a concentrations
were significantly correlated with total bacterial DAPI counts throughout the
whole time series and with a negative trend (r = ‐0.4, n = 30, p < 0.05).
Temperature is considered one of the most important environmental factors that
affects the abundances of bacterioplankton. During the years of investigation
(2013, 2014, and 2015) in Southampton Water, significant, positive correlation
was shown between temperature and total bacterioplankton population
estimated by DAPI (r = 0.5, p < 0.0001, n = 50) (Figure 4.10). Moreover, in the two
estuaries temperature and total cell count exihibited a significant, positive,
correlation (r = 0.67, p < 0.0001, n = 50) (see Figure 4.10). The effect of
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temperature on the dynamics and succession of different phylogenetic bacterial
groups is discussed in Chapter 5 (section 5.2.2).

(A)

(D)

(B)

(C)

Figure 4.9 Time series of Chl‐a concentrations indicating standard error bars and total
microbial planktonic cell counts detected by DAPI in Southampton Water (A) March‐
November 2013, (B) May‐November 2014, and (C) April‐August 2015 and (D) Christchurch
Harbour April‐November 2013.
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(A)

(B)

Figure 4.10 Comparison between temperature and total DAPI count of microbial planktonic
population in (A) Southampton Water and Christchurch Harbour, 2013, and (B) Southampton
Water during 2013, 2014, and 2015.
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4.3 Discussion
Phytoplankton community composition
Phytoplankton photosynthetic pigments are used commonly as taxonomic
indicators, and High Performance Liquid Chromatography (HPLC) offers an
accurate assessment of the major dominant phytoplankton groups (Paerl et al.,
2003). The method allows identifying the seasonal variation of the dominant
algal groups and quantifying the major groups in addition to the delicate small
components of the algal community (Ansotegui et al., 2001; Seoane et al., 2006).
Pigment analysis was applied to the Southampton Water samples for the three
years and coupled with microscopic identification of the dominant species. The
coupling of the HPLC method with microscopy is an important step to define algal
communities, as pigments are infrequently restricted to one taxonomic class, and
cellular pigment composition varies with physiological state (Lewitus et al.,
2005). The expectation of the good agreement between the two methods is due
to the fact that phytoplankton community is usually dominated by the same
species (Tamm et al., 2015).
Southampton Water
Consistent patterns were observed between HPLC pigments concentrations and
microscopic identification of the dominant species (Figure 4.4). Studies often
show that in temperate coastal waters, the spring bloom is dominated by diatoms
while the summer bloom is usually dominated by dinoflagellates (Carstensen et
al., 2007). This trend was observed noticeably in Southampton Water in the
present study (Figure 4.4‐A), and in earlier studies investigating the same
sampling site of the estuary (Ali, 2003) as well as other sites in the English
Channel (e.g. Widdicombe et al., 2010). During the spring bloom, moderate
temperatures and nutrient rich surface water trigger the onset of the diatom
bloom ( Carstensen et al., 2007; Paerl and Justic 2011; Kirchman, 2012). The
HPLC analysis included the dominant pigments reported in phytoplankton
communities contained Chl‐a, fucoxanthin, peridinin, alloxanthin (Barlow et al.,
1993), while the microscopic identification included dominant species diatoms,
dinoflagellates, ciliates, haptophytes, and cryptomonads (Larink and Westheide.,
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2006; Kraberg et al., 2010). During 2013 spring bloom, and on the 26th April,
fucoxanthin (being the marker pigment for diatoms) was detected with peaks of
2.0 µg L‐1, and 4.2 µg L‐1 respectively as shown in Figure 4.1. Additionally,
microscopic counts showed high abundances of diatoms forming 79% of the total
algal count (115 cells ml‐1) dominated with Skeletonema sp., Thalassiosira sp., and
Chaetoceros sp. continued until late May. Meanwhile dinoflagellates showed high
abundances in a summer bloom with dominant species Prorocentrum sp. and
Scripsiella sp. peaking during the bloom in July (64.9 cells ml‐1) forming 51.5% of
the total phytoplankton community. Peridinin as the biomarker for
dinoflagellates showed also a similar pattern with a peak on the 26th June of 0.7
µg L‐1. Similar findings by Ali (2003) in Southampton Water (to the North West
of Netley station) during June, 1999, were reported, whereby diatoms
contributed 55%‐78% of the total phytoplankton dominated by Skeletonema sp.
and Chaetoceros sp. The aforementioned diatom species are indicators of high
nitrate concentration especially during late winter‐spring season (Rothenberger
et al., 2009). Additionally, Ali (2003) reported that dinoflagellates showed similar
abundance constituting up to 35%, dominated by Scripsiella sp. and
Protoperidinium sp. and increasing in July up to 74% of the total phytoplankton
population.
Alloxanthin as a major carotenoid is considered the pigment signature for
cryptomonads (Hibberd, 1977). Alloxanthin showed a peak on the 10th of July of
0.23 µg L‐1, and dominated by Teleaulax sp. with a cell count of 12 cell ml‐1 while
no Mesodinium sp. were detected. Nonetheless, Mesodinium sp. has been reported
to dominate in Southampton Water in previous studies during summer bloom of
the toxic red‐tide bloom (Crawford and Purdie., 1992; Kifle and Purdie., 1993;
Lauria 1998; Ali, 2003). Mesodinium sp is the main grazers on Teleaulax sp. and
non‐detection of the toxic red‐tide ciliate would explain the dominancy of the
cryptophyte (Teleaulax sp.). Evidently, Mesodinium is a grazer of Teleaulax sp. on
the genus level rather than species without complete ingestion but sequestering
their nuclei, chloroplasts, and mitochondria (Peterson et al., 2013; Peltomaa and
Johnson, 2017).
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A study carried out in Southampton Water as part of the “Southern Nutrients
Study” (SONUS), between 1995 and 1998 by Hydes and Wright (1999) confirmed
that during spring, increased nutrient concentrations in addition to warming
water temperature and increased light availability provide conditions that led to
initiating the onset of phytoplankton bloom. In the present study in Southampton
Water and during 2013, microscopic counts showed that summer bloom was
dominated by 51–43% of dinoflagellates, with Prorocentrum sp. Scripsiella sp.
and Gymnodinuim sp. averaging 13, 18, 10 cell ml‐1 respectively. Similarly, diatom
species dominated the summer bloom and constituted up to 38% of the total
phytoplankton and dominated by Chaetoceros sp., Thalassiosira sp. and
Skeletonema sp. (7, 9, 12 cell ml‐1, respectively), and Mesodinium sp. of 4 cell ml‐1
(ciliates) and Euterptiella sp. 5 cell ml‐1 (euglenoids). The most abundant diatom
during 2013 was Skeletonema sp., as reported previously. This diatom
characteristically survives in range of salinities between 14 and 28 with low
temperature 5 and 12 °C and is fast‐growing with a short lag phase (Carstensen
et al., 2007).
Similar results during 2014 and 2015 showed phytoplankton community
composition were evident, with a delayed start of the phytoplankton bloom.
Similar observation by Iriarte and Purdie (1994), and Kifle and Purdie (1993)
found that timing of the onset of phytoplankton bloom in Southampton Water
varied between years. In the present study, the phytoplankton peaked on the last
week of April, 2013. Other studies in Southampton Water (Wright et al., 1997;
O’Mahony and Weeks, 2000; Ali, 2003) showing phytoplankton peak in May and
early June, which may indicate variability of environmental conditions that cause
the different onset timing. Notably, the difference in 2014 phytoplankton bloom
is the blooming of Chaetoceros sp. as the most dominant diatom comprising up to
36 cell ml‐1 prior and during the bloom peak fucoxanthin and showed a high peak
of 1.1 µg L‐1 and another relatively high concentration of fucoxanthin as detected
around mid‐September of 0.5 µg L‐1, which indicate diatom bloom and match the
small peak of Chl‐a detected equally by both HPLC and fluorometer of 4.2 µg L‐1.
Dinoflagellates were the second most abundant taxon, with Scripsiella sp.
increasing in number towards the bloom peak on the 26th of June, to 16 cell ml‐1.
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During 2015, low Chl‐a concentrations and phytoplankton cell counts were
observed; compared with the previous years. Diatoms comprised up to 80% of
the total phytoplankton counts with similar peak of fucoxanthin of 0.8 to 0.9 µg
L‐1 on the 20th of April and continued to the 29th of May. The most dominant
diatom was Chaetoceros sp. at 16 cell ml‐1 (similar to 2013 cell count), and with
comparable numbers to both Skeletonema sp. and Thalassiosira sp.
Dinoflagellates increased in number towards summer, and predominated on the
16th of July comprising up to 74% of the total phytoplankton with Prorocentrum
sp. and Scripsiella sp. and a peak of peridinin of 0.3 µg L‐1. Similar finding by
Nascimento, (2003) in Fleet Lagoon, UK, with similar species bloom at late
summer explained by suitable environmental conditions like temperature,
availability of nutrients and long water retention time that favoured the growth.
However, temperature was the most key factor that affects the diatom bloom as
shown by Hyun et al. (2014) mesocosm experiment, with the 3 marine diatoms
that are observed in Southampton Water as well, showing that Skeletonema sp.
increased its growth rate with elevated temperature (up to 20°C). Chaetoceros
sp. grow in coastal waters and are best adapted to elevated temperature and CO2,
while Thalassiosira sp. is usually observed to be a cold‐water diatom.
Comparatively in the present study, maximum cell count of cryptomonads was
observed on the 10th of August with an approximate number of Teleaulax sp. and
Cryptomonas sp. of 9 and 7 cell ml‐1, parallel to the peak of alloxanthin measured
by HPLC of 0.37 µg L‐1.
Detection methods for phytoplankton community
A comparison between the extracted Chl‐a determined by the fluorometric
method and the HPLC method combining data from the three years of samples
from Southampton Water showed a strong positive correlation with significant
relationship relationship(r = 0.92, n = 50, p < 0.0001). Despite the high coefficient
of correlation between both methods, Chl‐a concentrations were underestimated
by HPLC method compared to the fluorometric analysis due to better separations
of other interfered pigments before analysis (Arar and Collins, 1997).
Additionally, Tamm et al. (2015), indicated that spectrophotometry (used in
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fluorometric analysis of Chl‐a) gave 15% higher Chl a concentrations due to other
Chl a derivatives such as divinyl Chl a, than Chl‐a quantified by HPLC.
As discussed in section 3.1, the coupling of HPLC pigment analysis and
microscopic identification has an advantage of better understanding the
dominant groups of phytoplankton communities. Accordingly, during this study,
comparisons were made between indicator pigments (fucoxanthin, peridinin,
and alloxanthin), with microscopic identification of the main phytoplankton
groups (diatoms, dinoflagellates and cryptomonads) for the three years of
sampling. Diatoms and dinoflagellates showed significant correlations with the
corresponding accessory pigments, fucoxanthin and peridinin (r = 0.7, p <
0.0001, n = 44 and r = 0.63, p < 0.00001, n = 44; respectively) (Figure 4.4). While
Lewitus et al. (2006) and Cira et al. (2016), indicated that microscopic evaluation
of dominant phytoplankton taxa composition highlight the importance and
validity in phytoplankton research (;), both methods have their limitations.
Studies often cite a difficulty to differentiate between living and dead organisms
under the microscope as the fluorescence may disintegrate. Additionally, time
and expertise are required to identify the species microscopically, thus favouring
the rapid HPLC pigment analysis method. HPLC also has its limitations, primarily
due to the pigment sharing between different phytoplankton classes that might
contribute to disagreement between the two methods (Ansotegui et al., 2001;
Seoane et al., 2006; Tamm et al., 2015). The latter study in Vortsjarv Lake,
Estonia, during 2009‐2013, indicated that HPLC analysis showed high correlation
with microscopic identification in most dominant groups of phytoplankton and
weaker agreement with less abundant phytoplankton groups. That could explain
some of the moderate correlations in this study, between peridinin and
dinoflagellates group and alloxanthin and cryptomonads with 60% coefficient of
correlation. Other factors include pigment degradation and the existence of other
phytoplankton groups like ciliates (i.e. Mesodinium sp. and Dinophysis sp.), which
have cryptomonads–like endosymbionts and accordingly would be included in
the alloxanthin pigment concentration estimation. All facts considered, the two
methods are essential together to provide a reliable interpretation of the
dynamic phytoplankton community composition spatially and temporally.
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Total microbial planktonic abundance
DAPI stain
The total number of microbial planktonic for the two estuaries and during all
years were estimated by epifluorescent microscopic count using DAPI stain and
compared to the phytoplankton population estimated by Chl‐a fluorometric
extraction. DAPI is widely used and is a highly specific silver blue fluorescent
stain that binds to DNA and is excited with a mercury lamp or UV argon‐ion laser
at a wavelength of 365 nm, and shows a yellow colour when bound to non DNA
material (Porter and Feig, 1980). DAPI is capable of binding to few adenine‐
thiamine (A.T) base pairs (3 at least), and to a rich A.T DNA sequences as well as
intercalating binding with RNA (Kepner and Pratt, 1994; Suzuki et al., 1993;
Spence and Johnson, 2010). Further improvements have been made to the stain
and are available commercially. In this study, an anti‐fading mounting DAPI from
SIGMA‐ALDRICH was chosen. The anti‐fading mountant protects the
fluorescence form fading (photo‐bleaching) and maintains the fluorescent dye
and protein to help in better visualization and enumeration. In addition, the
instantaneous use and hardening after adding the cover‐slip make it a convenient
DNA stain of choice for filtered environmental samples (SIGMA‐ALDRICH, 2016).
Microbial planktonic abundances showed seasonality during the three
investigated years, as the average cell count in 2013 was between 0.65 x106 ml‐1
and 1.3 x106 cells ml‐1 in spring season (March‐April) and increasing in summer
between 0.64 x106 cells ml‐1 and 4.2 x106 cells ml‐1 (June‐August). Similar to the
previous year, the seasonal pattern of bacterial count repeated during 2014 as
the count was 1 x106 ml‐1 in mid‐May and increased to 3 x106 cells ml‐1 on the
26th of June. During 2015, bacterial average count increased from 1.2 x106 cells
ml‐1 on the 20th of April, which is higher than detected during 2013 at same time
and increased to 3 x106 cell ml‐1 on the 26th of July. In Southampton Water at a
close sampling site, a study by Antai (1989) at the Netley Station showed a similar
pattern with bacterial abundance that increased from winter to summer, with
comparable average count of DAPI stain. Bacterial numbers were higher than the
present study, with average count during mid of March, 1988, was 1.7 x106 cells
ml‐1, while in 2013 was 0.7 x106 cells ml‐1, and in August, 1989 6.2 x106 cells ml‐
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and average was 4.2 x106 cells ml‐1 in 2013. In Christchurch Harbour, the

bacterial abundances were higher than Southampton Water. The sampling
program started in mid‐April with the average count between 1.3 x106 ml‐1 and
3.8 x106 cells ml‐1 in (April‐May) and increasing to 1.8 x106 cells ml‐1 to 8.3 x106
cells ml‐1 in (June‐August).
Flow cytometry
Total microbial planktonic population was measured by two flow cytometry
machines (Partec and Cytosense). Flow cytometry provides rapid measurements
of the total population and cellular parameters, with information on the target
population size, membrane characteristics, and cellular components (such as
DNA and proteins) (Rieseberg et al., 2001; Zubkov et al., 2001a&b). It has been
widely used in oceanography and assessments of the physiological behaviour of
microbial cultures (Rieseberg et al., 2001). The Partec was initially used for the
Southampton Water samples but it became inoperative and samples from both
estuaries were then run on the Cytosense. In the present study total enumeration
of the microbial planktonic population in the euphotic zone in Southampton
Water and Christchurch Harbour during spring and summer of 2013 were
compared to microscopic DAPI cell counts. DAPI is commonly used as a
fluorocome in complex aquatic environments to stain DNA in active, dead or cell
fragments in addition to viruses. However, it is known to underestimate total
bacterial abundance (Kepner and Pratt 1994; Gasol et al., 1999). To reduce the
percentage of errors, the count method of transects across the filter,
recommended by Kepner and Pratt (1994), was used. The comparison between
DAPI counts and cell counts estimated by the Partec showed moderate
correlation for Southampton Water samples. The same comparison but using the
Cytosense showed a better comparison although at DAPI counts over 1.5 x 106
cells ml‐1, the Cytosense tended to overestimate bacterial counts compared to
DAPI staining of cells. A comparison of DAPI cell counts and Cytosense estimated
counts from Christchurch Harbour water samples showed a better correlation
and closer fit to 1:1 line although the Cytosense still overestimated some counts.
Despite the substantial differences in the count between Partec and
epifluorescent microscopy a significant correlation were calculated with
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coefficient correlation of 50 % variances, n = 33 and p ≤0.001. Unfortunately,
there were no previous studies for measurements of total microbial planktonic
population in Southampton Water or Christchurch Harbour by flow cytometry.
Total microbial planktonic count was also estimated by Cytosense for two
estuaries using similar protocol. The new cytosense (Cytobuoy) is characterized
with higher upper limit of the cell size detected and the maximum number of
particles counted in volume analysed (Thyssen et al., 2008). The machine
provides information of different parameters such as size, shape and
physiological nature of the cell. The optical parameters used in this study were
the sideway scatter (SWS) to determine the size of the cell and yellow (FL)
channel excitation emission (515‐562 nm), as SYBR Green I maximum excitation
wavelength is (497 nm) and the fluorescence emission is centred at (520 nm). A
calibration for the machine were applied by using a monoculture of 3 days old
marine heterotrophic bacteria, Halomonas sp. diluted with artificial sea water
(ASW) to balance the osmosis with two dilution and compared to DAPI count to
evaluate the total count and optical parameters efficiency.
Generally, the average count of the microbial planktonic population labelled with
SYBR Green I stain was significant in correlation with DAPI count by measuring
the side way scatter recommended for small cell size and yellow green fluoresce
which picks up green wavelength scatter of the used DNA stain with a flow rate
of 1 µl S‐1. The counts in Southampton Water were following the same seasonal
pattern of increasing microbial planktonic population from late winter (March)
of an average between 0.8 x106 cells ml‐1 to 1.2 x106 cells ml‐1 to the maximum in
summer (9th of August) of 5.5 x106 cells ml‐1. As mentioned earlier, better
correlations were found between DAPI and cytosense count with a linear
regression of intercept ‐0.19 and a slope of 1.47 and coefficient of correlation r =
0.87 (p <0.0001, n = 32). Also, the coefficient variation (CV) of the 4 runs was
13.3%. Additionally, in Christchurch Harbour, a linear regression showed an
intercept of 0.96 and a slope of 0.77 and coefficient correlation of r = 0.85, p
<0.0001 in Figure 4.7, and coefficient variation (CV) of 4.9% with better precision
of replicate counts than Southampton Water. Studies commonly report an
overestimation of total heterotrophic bacteria by microscopic cell counts stained
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by DAPI (Fuhrman et al., 1989). The overestimation of total microbial planktonic
count in the two estuaries of cytosense to DAPI count were observed during the
phytoplankton bloom periods. In the present study, the modification by using
only SYBR Green I, and not the nucleic acid stain Hoechst 33342, which used in
(Monger and Landry, 1993; and Marie et al., 1997) protocols to differentiate
between the phototrophic and the non‐photosynthetic bacteria. Ideally, to
estimate the heterotrophic population, autotrophs should be counted and
subtracted (Zubkov et al., 2001; Tarran et al., 2001). Additionally, RNAse (RNA
enzymes) were not applied in the present study procedure, as SYBR Green I has
the ability to strongly bind to both double stranded DNA and single stranded DNA
and RNA and the treatment would disintegrate the RNA in bacterial cell and
emphasise the DNA staining (Marie et al., 1997, Zubkov et al., 2000).
Generally, the comparison between microscopic count and flow cytometry is
legitimate because of the small size (2 and 10 µm) of the target population
acquired and the ease of detection by flow cytometry compared to larger cell size.
Cytosense is a powerful instrument enabling researchers to detect nanoplankton,
picoplankton and phytoplankton composition and wide range of size detection
up to 800 µm (Thyssen et al., 2014; Bonato et al., 2015).
Comparison of total bacterioplankton to Chl‐a
Based on the fact that the two flow cytometry machines Partec and Cytosense
showed discrepancies in estimation the total number of microbial planktonic
population compared DAPI stain count (see section 4.2.2.2, and Figure 4.6&4.7).
DAPI counts were used as a reliable method to compare phytoplankton
community throughout the three years of sampling and in the two estuaries.
Phytoplankton bloom is the main supplier of the organic carbon that is utilized
by heterotrophic bacteria in aquatic systems (Hoppe et al., 2008; Alba et al., 2008;
Moran et al., 2013; Pearman et al., 2016; Hyun et al., 2016). The total bacterial
number estimated by DAPI in Southampton Water was 0.45‐4.8 x106 ml‐1 during
2013, 1‐3 x106 ml‐1 in 2014, and 2.2‐4.5 x106 ml‐1 in 2015. On the other hand, the
total bacterial number estimated by DAPI in Christchurch Harbour was 1‐4.8
x106 ml‐1 during 2013. Despite the dependence of bacterioplankton on organic
carbon provided by phytoplankton, no correlations of the total microbial
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planktonic abundance estimated by DAPI with Chl‐a concentrations were
observed in Southampton Water and Christchurch Harbour (Figure 4.12).
Similar findings have been reported with weak correlations in lakes (e.g. Scavia
and Larid, 1987), temperate estuaries (e.g. Hoch and Kirchman, 1993) and
lagoonal bays (Hewson and Fuhrman, 2004).
The study by Scavia and Larid (1987) in Michigan Lake, USA, reported a weak
correlation between bacterial abundance and Chl‐a concentrations, as bacteria
may have other sources for growth than the algal metabolites. Moreover, the
study by Hoch and Kirchman (1993), in Delaware Estuary, USA, investigating
bacterial abundances by acridine orange DNA staining revealed weak correlation
between bacterial abundances and Chl‐a concentrations. The latter study
reported that total bacterial abundances increases towards the end of the
phytoplankton bloom, spring and summer with no significant correlation, similar
to the present study. Hewson and Fuhrman, (2004) have also indicated a weak
correlation between Chl‐a and bacterial diversity and abundances in Moreton
Bay Brisbane, Australia. Additionally, Hitchcock and Mitrovic (2015) suggested
that such a finding may be explained by flushing out of phytoplankton from the
estuary and are thus related to flow conditions (mainly during flood flows).
Moreover, other factor which has a great impact on bacterial abundance is top‐
down processes controlled by grazing by microzooplankton and viral lysis (Azam
et al., 1983; Straza et al., 2010; Lucas et al., 2015)
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Figure 4.11 Box plots showing the median, quartiles, and outliers in the two estuaries
Southampton Water (SW) from March‐November, 2013; and Christchurch Harbour (CH)
from April‐November, 2013 for (A) Chl‐a concentration, and (B) DAPI count of
bacterioplankton population.
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Figure 4.12 comparisons total planktonic microbial count by DAPI stain and Chl‐a for
(A) Southampton Water and Christchurch Harbour, 2013 and (B) in Southampton Water
for (2013, 2014, and 2015).
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In the two investigated estuaries, temperature show significant positive
correlation to the total bacterial abundance in both Southampton Water and
Christchurch Harbour (r = 0.67, p < 0.0001, n = 50); and in Southampton Water
for the three years of investigation (r = 0.5, p < 0.05, n = 50) in Figure 4.10.
During the phytoplankton bloom, an increase in water temperature enhances the
breakdown of dissolved organic matter (DOM) but also enhances the metabolic
rate of heterotrophic bacteria (Kirchman, 2009). Moreover, Wohlers‐Zollner et
al. (2012) described through a mesocosm experiment, the indirect contribution
of warming up the ecosystem on the increase of the abundances of heterotrophic
bacteria by decreasing the photosynthesis rate and building up DOM. The
correlation of temperature as major physical parameters on different bacterial
phylogenetic groups is discussed more in Chapter‐5 (section 5.2.2).
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Chapter 5: Investigation of the seasonal dynamics of
dominant phylogenetic bacterioplankton groups using
Fluorescence In Situ Hybridization (FISH) with
oligonucleotide probes
5.1 Results of method evaluation
5.1.1 Assessing the efficiency of oligonucleotide probes on different
marine bacterial isolates
The efficiency of the oligonucleotide r‐RNA probes and the intensity of probe
signals with two different fluorophores with competitors and controls (non‐
specific probes) were investigated with monocultures of marine bacteria isolates
that belong to different proteobacteria classes: Halomonas sp. and Roseobacter
litoralis.

Halomonas

sp.

is

a

rod‐shaped

bacteria

that

belongs

to

Gammaproteobacteria class; and was tested with GAM42a probe. Meanwhile,
Roseobacter litoralis is an ovoid or rod‐shaped bacteria with pink photosynthetic
pigment that belongs to Alphaproteobacteria class, and was tested with ALF968
probe (see Table 2.2, methodology chapter). Different proportions of the two
cultures of Halomonas sp. and Roseobacter litoralis were mixed as original ratios
as follows: #1 1:1; #2 1:100; and #3 1:500 (v/v). Each was then tested with two
oligonucleotide probes GAM42a and ALF968, in addition to EUB338 I‐III (20
fields were counted). The relative cell abundances, defined as the percentages of
hybridized cells compared to 4', 6‐diamidino‐2‐phenylindole (DAPI) stained cells
were between 96.7% and 97.5%. The relative abundances of the first mixture
showed a similar percentage range of 48.9% Gammaproteobacteria and 48%
Alphaproteobacteria, presented in Figure 5.1‐A. The second and third mixtures
showed low percentages of Roseobacter sp. to Halomonas sp. of 15.7 to 80.6%
and 3.6 to 90.3% Gammaproteobacteria to Alphaproteobacteria, although the
initial ratios were 1:3, 1:5. This could be explained by the fact that the Halomonas
sp. culture was more turbid indicating more cell counts. Another mixture was
investigated with a Halomonas sp.: Roseobacter sp. ratio of 60:40% with positive
EUB338I‐III probe and GAM42a probe with 20 microscope fields counted.
Positive EUBI‐III probe relative abundances were between 96.6 and 96.8% to
total DAPI stained cells. The relative abundances observed in the two mixtures
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was 70:50 % of Gammaproteobacteria positive hybridised cells, respectively
(Figure 5.1‐B). Microscopic images of investigated estuarine water samples
showed similar fields of DAPI stained cells and cells hybridized with different
oligonucleotide probes. The signal intensity of the probe was visualised and
enumerated to calculate different bacterial abundance to total DAPI counts as
shown in Figures 5.2, 5.3, and 5.4. The summary of the relative abundances of
Halomonas sp. and Roseobacter litoralis mixtures detected by FISH using
oligonucleotide probes are shown in Table 5.1.

Table 5.1 Relative abundances (%) of different proportions of monoculture bacterial
isolates (Halomonas sp.: Roseobacter litoralis), with oligonucleotide probes detected by
FISH
Sample ID
Sample 1

Sample 2

mixture 1

mixture 2

mixture 3

Original Ratio

1:1

1:3

1:5

Relative abundances %

48.9: 48%

80%:15.7%

90.3%:3.6%

Original Ratio

70:30%

‐

‐

Relative abundances %

60:40%
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(A)

(B)

Figure 5.1 Relative abundances of hybridized cells to total DAPI stained cells, (A)
Three test mixtures of Halomonas sp. and Roseobacter litoralis hybridised with
EUB338I‐III, GAM42a, and ALF968. Percentages calculated compared to DAPI stained
cells. (B) Two mixtures of Halomonas sp. and Roseobacter litoralis with unknown
proportions detected by EUB338I‐III, and GAM42a positive hybridized percentages
calculated compared to DAPI stained cells count.
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(A)

(B)

Figure 5.2 Microscopic images of hybridized cells with oligonucleotide probes from Christchurch
Harbour on 2/8/2013 (A) DAPI stained cells (B) hybridized cells by EUB338I‐III probe. Identical
microscopic fields visualized using epifluorescent microscopy, Scale bar= 2µm. Dashed circles show
some examples of hybridized cells. Each colour indicates an identical field.
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(A)

(B)

Figure 5.3 Microscopic images of hybridized cells with oligonucleotide probes from
Christchurch Harbour on 20/8/2013 (A) DAPI stained cells (B) hybridized cells by
SAR11 (SAR11‐152 and SAR11‐542) mixed probes. Identical microscopic fields
visualized using epifluorescent microscopy, Scale bar = 2µm. Dashed circles show
some examples of hybridized cells. Each colour indicates an identical field.
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(A)

(B)

Figure 5.4 Microscopic images of hybridized cells with oligonucleotide probes from
Southampton Water on 3/5/2013 (A) DAPI stained cells (B) hybridized cells by
ALF968 probe. Identical microscopic fields visualized using epifluorescent microscopy,
Scale bar= 2µm. Dashed circles show some examples of hybridized cells. Each colour
indicates an identical field.
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5.2. Comparison of temporal and spatial changes in phylogenetic
composition of planktonic proteobacteria in the two estuaries
5.1.2 Relative abundances of proteobacteria classes
The spatial and temporal distribution of five different phylogenetic
proteobacteria groups in surface sea water samples were investigated during the
phytoplankton bloom events in spring and summer in Southampton Water over
three year (2013, 2014, and 2015) and in Christchurch Harbour during 2013. All
bacteria (EUB338I‐III), Alphaproteobacteria (ALF968), Gammaproteobacteria
(GAM42a), Betaproteobacteria (BET42a), and Euryarchaea (EURY806) in
addition to the clades SAR11 (SAR11‐152, SAR11‐542), and Roseobacter sp.
(RSB67) that belong to Alphaproteobacteria class were present in samples from
both estuarine locations in all investigated years but with varying proportions.
Relative abundances of hybridised cells from different probes compared to DAPI
stained cells were calculated. Hybridization with non‐specific probes (Non‐338)
and auto‐fluorescent cells were counted and estimated to be < 3% of total DAPI
stained cells in all samples throughout the time series in both estuaries. Bacteria
were detected in all samples with EUB338 I‐III probe to greater than 80 %, (80.7
– 92.9%), (91.3 – 94.3%), and (90.4 – 94.9%) during 2013, 2014 and 2015,
respectively. The domain Euryarchaea, ranged between 5.5–9.5%, 8.4–9.7%, and
7.9–10.1% for the three years in Southampton Water samples respectively. The
absolute average cell counts of all phylogenetic bacterial taxa are shown in Figure
5.5 for Eubacteria and Euryarchaea. The label ‘‘non‐detected bacteria’ in Figure
5.5 refers to the undetectable bacteria that are not detected by the three group‐
specific oligonucleotide probes compared to DAPI counts. Moreover,
proteobacteria classes’ average cell numbers of Gamma‐, Alpha‐, and
Betaproteobacteria that were detected by FISH probes are shown in Figure 5.7.
The sum of average of total cell counts of Euryarchaea plus Eubacteria were less
than the total cells enumerated by DAPI count with average of 2.9 ‐ 4.3 x106 cells
ml‐1, 3.5 – 3.7 x106 cells ml‐1, and 3 – 3.7 x106 cells ml‐1 for the three years
respectively (Figure 5.5). A significant, strong positive correlation was detected
between the total number of Euryarchaea plus Eubacteria compared to DAPI
count in Southampton Water and Christchurch Harbour (r = 0.9, p < 0.0001, n =
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29) in Figure 5.6. Alphaproteobacteria were dominant in Southampton Water
when compared to other proteobacteria classes (27.2 – 43.9%), (25.1 – 36.3%),
and (19.1 – 36.5%) in each of the three years. During 2013, the highest relative
abundances were detected on the 26th of April, 2013 of 43% during the spring
phytoplankton bloom period and the lowest was on the 26th of June of 26.6% of
DAPI stained cells.
Conversely, Gammaproteobacteria were the second dominant class and
fluctuated with some variation during the spring and summer phytoplankton
bloom periods in Southampton Water in all years (9.9 – 35%), (19.2 – 31.1%),
and (17.7 – 30.1%) as shown in Figure 5.7. Betaproteobacteria and Euryarchaea
were typically minor members of the communities in Southampton Water among
all investigated samples from the three years. Betaproteobacteria relative
abundances ranged between 3.3 – 13.2%, 8.3 – 13.2%, and 6.5 – 8% for 2013,
2014, and 2015 respectively. During 2013, cell counts of SAR11 and Roseobacter
sp. were estimated during spring and summer phytoplankton bloom periods. The
average counts of positive hybridised cells of the clades were SAR11 (0.6 – 0.8
x106 cells ml‐1), and Roseobacter sp. (0.3– 0.5 x106 ml‐1) (Figure 5.8). SAR11 was
the dominant clade and increased in number during summer months accounting
for 64% of the Alphaproteobacteria cells on the 10th of July. Meanwhile,
Roseobacter

sp.

were

less

abundant,

accounting

for

39.5%

of

Alphaproteobacteria cells on the 26th of July. During 2014, SAR11 were also the
dominant clade with a range of 0.4 – 0.6 x106 cells ml‐1 and accounted for 47.4%
of Alphaproteobacteria cells. Comparatively, Roseobacter sp. ranged between 0.3
– 0.5 x106 cells ml‐1 and accounted for 39.5% of Alphaproteobacteria cells (Figure
5.8).
During 2015, similar trends to the previous year of the both SAR11 and
Roseobacter sp. were observed as the SAR11 cells dominated the
Alphaproteobacteria population. SAR11 positive hybridised cells ranged from 0.4
to 0.6 x106 cells ml‐1 and accounted for 62.5% of Alphaproteobacteria cells while
Roseobacter sp. ranged between 0.2 and 0.4 x106 cells ml‐1 and accounted for
41.7% of Alphaproteobacteria cells (Figure 5.8). The range in total bacterial
abundance during spring and summer in Southampton Water during 2013 is
expressed in the box plots (Figure 5.7). Alphaproteobacteria box plot showed a
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relatively narrow range in cell numbers with the highest abundance among the
other groups. This shows the median, indicated by the middle value with most
data skewed towards the upper quartile with nearly 75% of the bacterial
abundances, and only two outliers were detected away from maximum and
minimum values. Eubacteria and Gammaproteobacteria showed the greatest
range in abundance compared to other groups with outliers, with the maximum
and minimum values. However, in Southampton Water and during the three
years, Betaproteobacteria had a narrow range and was lowest in number among
other proteobacteria groups. Similarly, Euryarchaea abundances were low in
number in comparison to other detected groups with a narrow range and some
outliers (in Figure 5.5).
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(A)

(C)

(B)

(D)

Figure 5.5 Temporal changes of Eubacteria and Euryarchaea by oligonucleotide FISH probes by (EUB338I‐III), (EURY806) compared to
DAPI stained cell in (A) Southampton Water (March‐August) 2013, (B) Christchurch Harbour 2013 (April‐August), (C) Southampton
Water (April‐ August 2014), and (D) Southampton Water 2015 (May‐June). ‘Non‐detected bacteria’ refers to groups undetected by theses
probes. Additional box plots showing; median, quartiles and outliers.
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During 2013, in Christchurch Harbour DAPI average cell counts were higher than
in Southampton Water with a range between (3.3‐4.4 x106 cells ml‐1) and bacteria
were detected with percentages of 90.6 and 95.4% Eubacteria to DAPI stained
cells, as shown in Figure 5.5‐B. Euryarchaea showed similar abundances to
Southampton Water as the least dominant group with relative abundances
between 3.8 and 8.2% of DAPI stained cells. Meanwhile, during 2013 and among
proteobacteria classes, Alphaproteobacteria relative abundances were between
17%

and

33%

with

the

highest

detected

on

the

23rd

of

July.

Gammaproteobacteria fluctuated in the pre‐, during and post‐ spring and
summer phytoplankton bloom periods between 10% and 30.3%. In contrast to
Southampton Water, Betaproteobacteria class was the most dominant among all
other proteobacteria classes with a range between 19.3% and 41.1% of DAPI
stained cells (Figure 5.7‐B). SAR11 and Roseobacter sp. clades in Christchurch
Harbour in 2013, showed a similar trend to Southampton Water as the SAR11
ranged between 0.4 and 0.7 x106 cells ml‐1 and accounted for 70% of
Alphaproteobacteria cells. On the other hand, Roseobacter sp. ranged between
0.3‐0.4 x106 cells ml‐1 and accounted for 43.3% of Alphaproteobacteria cells. In
contrast to Southampton Water, the box plot for Christchurch Harbour in Figure
5.7‐B showed that Alphaproteobacteria were lower in number than
Southampton Water with median in the third quartile of the bacterial
abundances. Gammaproteobacteria had a wide range of distribution with some
values close to the minimum and maximum. In contrast to Southampton Water,
Betaproteobacteria were the highest in abundances among other proteobacteria
classes with a median in the middle quartile of the box in Figure 5.7‐B.
Euryarchaea were the lowest in abundances with a narrow range of abundance
(0.18‐0.41 x106 cells ml‐1); similar to that observed in Southampton Water.
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Figure 5.6 Correlation between total Eubacteria and Euryarchaea detected by FISH to
total DAPI count in Southampton Water and Christchurch Harbour, (April‐August), 2013.
Dotted line is 1:1.
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Figure 5.7 Time series of stacked bars showing average cell counts of γ‐proteobacteria (GAM42a), α‐proteobacteria (ALF968), β‐
proteobacteria (BET42a), in (A) Southampton Water (March‐August), 2013 (B) Christchurch Harbour (April‐August), 2013 (C)
Southampton Water (April‐August), 2015. Additional box plots shown‐with median, quartiles, and outliers. (D)
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Figure 5.8 Box plots of average cell counts of SAR11 (clades 152R and 542) and Roseobacter sp. in (A) Southampton Water (March‐August)
2013, (B) Christchurch Harbour (April‐August) 2013, (C) Southampton Water (May‐June) 2014, (D) Southampton Water (April‐August)
2015 in comparison to α‐proteobacteria counts.
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5.2 Results of temporal succession of investigated
proteobacteria groups in comparison to different
environmental parameters in the two estuaries during
2013
The abundances of different bacterial taxa, determined by FISH probes, were
compared to the physical parameters (salinity, temperature), and chemical
parameter (Chl‐a) during the sampling period in the two estuaries Southampton
Water and Christchurch Harbour and are described in the following section. In
addition, correlations between different proteobacterial classes and clades were
also determined between the two sampling sites and among all three investigated
years. The physical and chemical environmental parameters are listed in Table
5.2 & 5.3 in Southampton Water and Christchurch Harbour, respectively.
Moreover, correlations among the detected groups were investigated.
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Table 5.2 Environmental parameters measured during spring and summer in
Southampton Water (March‐August), 2013.
Date

Temp

Sal

O2 (%)

(°C)

Chl‐a

Nitrate

Phosphate

L‐

(µmol‐1)

(µmol‐1)

(µg
1)

27th March,2013

5.3

28.8

NR

0.8

93.34

1.2

12th April

7

29.5

103.8

3.4

63.01

0.21

19th April

8.72

27.9

104.3

3.0

91.06

0.44

26th April

10.25

31.2

117.3

7.7

60.30

0.14

30th April

10.87

31.2

50.2

6.7

40.77

0.18

07th May

12.99

28.9

94.5

0.9

35.72

0.25

14th May

11.87

30.9

NR

2.6

48.56

0.51

21st May

12.14

30.5

NR

1.5

54.86

0.51

7th June

15.85

30.8

105.5

3.1

48.61

0.35

11th June

15.54

31.6

101.4

2.5

34.49

0.48

19th June

16.75

27.6

102.8

3.2

53.11

1

26th June

16.36

32.2

102.9

3.0

45.17

0.59

03rd July

17

31.5

97.9

5.1

35.87

0.45

10th July

19.66

32.5

114.8

8.2

19.91

0.23

19th July

21.24

31.7

143.2

3.2

20.32

0.09

26th July

21.24

33.0

94.8

2.5

10.92

0.17

02nd August

21.37

31.2

98.4

5.3

39.82

0.56

09th August

20.76

32.8

103.7

2.7

16.4

0.2

12th May, 2014

14.94

30

85.6

1.98

63.4

1.7

29th May

15.5

31.2

103

8.5

63.7

1.7
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11th June

19

28.8

114.5

5.7

89.2

1.1

26th June

19.88

31.2

132.1

4.56

16.9

0.06

20th April,2015

13

30.93

96.6

3.2

40.45

0.55

29th May

14.6

32.31

93.9

3

24.42

0.52

5th June

15.6

32.66

98.0

4.5

22.86

0.49

12th June

15.6

32.66

98

5.6

49.63

1.01

16th July

19.3

33.6

93.3

2.2

11.57

0.47

10th August

19.5

32.70

94.1

3.6

20.27

0.59
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Table 5.3 Environmental parameters measured during spring and summer in
Christchurch Harbour (April‐August), 2013.

Date

Temp

Sal

(°C)

O2

Chl‐a (µg

Nitrate

Phosphate

(%)

L‐1)

(µmol‐1)

(µmol‐1)

25th April

11.86

12.8

117.1

6.6

383.6

3.9

3rd May

13.97

1.3

125.6

44.3

510.3

4.9

23th May

13.35

5.2

108.8

20.4

448.1

7.2

20th June

16.81

10.5

97.2

13.8

377.7

7.5

28th June

16.26

8.8

99.1

22

404.5

9.7

4th July

18.05

16.3

121.5

5

238.7

5.8

23rd July

21.74

22.5

143.6

10.2

149.4

5.7

6th August

20.89

16.1

139.5

9

239.8

9.6

14th August

18.63

20.7
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14

199.6

7.3

20th August

20.4

13.9

137.2

15.6

266.6

9.2

27th August

18.64

16.5

92.4

6

270.5

10.3

124

5.2.1 Comparing abundance of proteobacteria with salinity
The investigated estuaries, Southampton Water and Christchurch Harbour
exhibited variability in salinity measurements, as averaged between 27 and 33 in
Southampton Water, and in Christchurch Harbour was between 1.3 and 22 (see
section 3.1.1). Notably, these variations were correlated to the abundances of
different groups of proteobacteria. Abundance of Betaproteobacteria showed
significant negative correlation with salinity (r = ‐ 0.8, n=11, p <0.001). Whilst
Betaproteobacteria were in Southampton Water in low abundance, they were the
most dominant group in Christchurch Harbour (see Figure 5.9). A strong,
negative, correlation showed between salinity and average cell counts of
Betaproteobacteria in the two estuaries (r = ‐0.95, p <0.0001 n = 29).
Additionally, linear regression analysis of salinity versus Betaproteobacteria
abundances in the two estuaries showed a negative slope of ‐0.043 and intercept
of 1.63 (R2 = ‐0.95, p < 0.05) as shown in Figure 5.10‐C. In contrast to
Betaproteobacteria,

Gammaproteobacteria

showed

significant

positive

correlation with salinity in both estuaries (r = 0.4, p < 0.05; n = 29) as shown in
Figure 5.10‐A. Alphaproteobacteria showed a significant relationship with
salinity in Christchurch Harbour with strong positive correlation (r = 0.8, p <
0.05, n = 11). However, none of the investigated proteobacterial classes showed
trend with salinity among the three years of data (i.e. there was no significant
correlation

detected

between

salinity

and

Gammaproteobacteria,

Betaproteobacteria, and Alphaproteobacteria and salinity) as seen in Figure 5.11.
Additionally, clades of Alphaproteobacteria i.e. SAR11 and Roseobacter sp.
showed no trend with salinity among all the investigated years in Southampton
Water.
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Figure 5.9 Time series of β‐proteobacteria cell count detected by FISH and
compared to salinity, in (A) Southampton Water and (B) Christchurch Harbour
during (April‐August) 2013.
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Figure 5.10 Correlations between salinity and (A) β‐proteobacteria, (B) γ‐
proteobacteria and (C) α‐proteobacteria average cell counts detected by
oligonucleotide FISH probes in Southampton Water & Christchurch Harbour
during (April‐August), 2013. Regression lines are shown for the Christchurch
Harbour data.
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(A)

(B)

(C)

(D)

(E)

Figure 5.11 Comparisons between salinity and (A) β‐proteobacteria (B) γ‐
proteobacteria (C) α‐proteobacteria and clades of α‐proteobacteria (D) SAR11,
and (E) Roseobacter sp. detected by FISH oligonucleotide probes in Southampton
Water during 2013 (April‐ August) 2013, (May‐June) 2014, and (April‐August)
2015
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5.2.2 Comparing abundance of proteobacteria with temperature
Surface water temperature showed a similar seasonal pattern during the
sampling period in the two estuaries as discussed in section 3.1. Different
phylogenetic bacterial taxa abundances were compared to the elevated values of
temperature, and some showed positive trends. Eubacteria and Euryarchaea
showed significant positive correlations with temperature during the three years
of sampling in both estuaries. Eubacteria were significantly and positively
correlated with temperature during the three years of sampling in Southampton
Water as seen in Figure 5.12‐A. There was positive correlation between
Eubacteria and temperature, (r = 0.63, p < 0.0001, n = 26), with outliers removed,
and a positive correlation between Euryarchaea and temperature (r = 0.76, p <
0.0001, n = 28) in Figure 5.12‐C. Moreover, during 2013 in the two estuaries,
Eubacteria and Euryarchaea showed significant positive correlation between
their total abundances and temperature (r = 0.6, p< 0.05; r = 0.75, p<0.001, n=
29) (Figure 5.12‐B&D). Similar results were detected between the total number
of planktonic bacteria by DAPI stain and temperature in the two estuaries with
significant positive correlation (r = 0.63, p < 0.001, n = 29), and among the three
investigated years in Southampton Water (r = 0.5, p < 0.05, n = 28) (in section
4.2.3, Figure 4.9). Moreover, a significant positive correlation was detected
between temperature and Euryarchaea (r = 0.68, p< 0.05, n = 11) in Christchurch
Harbour,

presented

(Figure

5.13‐C).

Both

Gammaproteobacteria

and

Alphaproteobacteria showed significant positive correlations with temperature
(r = 0.7, p < 0.05; r = 0.83, p ≤ 0.001; n = 11) respectively. Meanwhile, SAR11
clades and Roseobacter sp. showed positive trends with no significant
relationship between temperature and their average cell count during the three
years in Southampton Water and the one‐year of data for Christchurch Harbour.
Conversely, none of the proteobacteria classes showed correlation between
temperature and their abundances during the three years (Figure 5.14).
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(A)

(B)

(C)

(D)

Figure 5.12 Correlations between temperature and average cell counts of
Eubacteria and Euryarchaea during the three years (2013, 2014, and 2015),
and during 2013 in Southampton Water and Christchurch Harbour, (A)&(B)
Eubacteria, and (C)&(D) Euryarchaea. Solid line is regression line.
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(A)

(B)

(C)

Figure 5.13 Comparisons between temperature and average cell counts of (A) γ‐
proteobacteria, (B) α‐proteobacteria, and (C) β‐proteobacteria in Southampton
Water and Christchurch Harbour during April‐August, 2013.
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(A)

(D)

(B)

(E)

(C)

Figure 5.14 Comparison between temperature and average cell counts of (A) β‐
proteobacteria, (B) γ‐proteobacteria, and (C) α‐proteobacteria (D) SAR11, (E)
Roseobacter sp., in Southampton Water 2013 (April‐August) 2013, (May‐June)
2014, and (April‐August) 2015.
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5.2.3 Comparing abundance of proteobacteria with Chl‐a
Different groups of planktonic bacteria respond to phytoplankton bloom
differently as a source of organic matter. In the present study some
proteobacteria groups were correlated to Chl‐a concentrations in the two
estuaries. The total microbial planktonic abundance estimated by DAPI satin
showed no significant correlation with Chl‐a concentrations in the two estuaries
(see section 4.2). However, Gammaproteobacteria were significantly, negatively
correlated to Chl‐a concentrations during the three years of sampling (2013,
2014, and 2015), (r = ‐0.5, p < 0.05, n = 18) (Figure 5.17‐A). Linear regression
between Gammaproteobacteria and Chl‐a concentrations for the spring
blooming season of three years showed a negative slope of ‐0.057 and intercept
of 1.07, R2 = 0.2 p < 0.05 as shown in Figure 5.17; whereas, Alpha‐ and
Betaproteobacteria

showed

no

significant

relationship

with

Chl‐a

concentrations.
SAR11 and Roseobacter sp. clades showed a significant negative correlation with
Chl‐a concentrations (r = ‐0.82, n = 6, p < 0.05 and r = ‐0.80, p < 0.05, n = 6,
respectively), shown in Figure 5.17. Provided that for the year 2014 only four
sampling dates were investigated; no correlations for the proteobacteria classes
were calculated and a general trend among the three years was analysed. The
SAR11 clade showed negative correlation with Chl‐a concentrations (r = ‐0.46, p
< 0.05, n = 6), while Roseobacter sp. showed no correlation. Also, clades of SAR11
showed a negative correlation with Chl‐a concentrations in Southampton Water
for the three years with a significant relationship (r = ‐0.5, p < 0.05, n = 16). In
Christchurch Harbour, there was no correlation detected between Eubacteria
domain and Chl‐a concentrations. However, Gammaproteobacteria and
Alphaproteobacteria showed significant relation with negative correlation with
Chl‐a concentrations (r = ‐0.61, p < 0.05; r = ‐0.61, p < 0.05; n = 11 respectively).
Betaproteobacteria

showed

strong

positive

correlation

with

Chl‐a

concentrations (r = 0.7, p < 0.05, n = 11). According to Chl‐a peaks, each sampling
year was divided into 3 periods; (1) spring bloom, (2) post spring‐ and pre‐
summer bloom, and (3) summer bloom as shown in Figure 5.15 &16 and
phylogenetic proteobacteria groups abundances discussed accordingly. During
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2013 spring bloom, Alpha‐ Beta‐ and Gammaproteobacteria in addition to SAR11
& Roseobacter sp. showed a slight decrease in average cell counts, whereas,
Eubacteria and Euryarchaea showed an increase with average cell count. In post‐
spring–bloom, phylogenetic groups showed increase in cell counts.
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(A)

(B)

Figure 5.15 Time series of γ‐proteobacteria (GAM42a), α‐proteobacteria (ALF968), and β‐proteobacteria (BET42a) to DAPI stained cells
to fluorometric extracted Chl‐a concentrations in (A) Southampton Water 2013(March‐August), (B) Christchurch Harbour (April‐
August). (1), (2), and (3) indicate the pre‐, bloom, and post bloom periods, respectively.
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Figure 5.16 Time series of γ‐proteobacteria (GAM42a), α‐proteobacteria (ALF968), and β‐proteobacteria (BET42a) to DAPI stained cells
compared to Chl‐a concentrations measured by Xylem data buoy with EXO2 sonde in Southampton Water (A) May‐June, 2014; (B)
April‐August, 2015. (1), (2), and (3) indicate the pre‐, bloom, and post bloom periods, respectively.
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Similar to Southampton Water, SAR11 showed a significant relationship with a
negative correlation (r = ‐0.83 p < 0.05, = 6) in Christchurch Harbour.
Phytoplankton dominant groups (diatoms and dinoflagellates) that were
enumerated during the sampling period (in section 4.1.2) were correlated the
some proteobacterial groups. During 2013 in Southampton Water, a significant
correlation

was

observed

between

Gammaproteobacteria

and

Betaproteobacteria average count and diatoms microscopic average counts (see
section 5.4). Notably, there was a significant negative correlation detected
between Gammaproteobacteria and diatoms, whereas Betaproteobacteria had a
positive significant correlation with diatoms (r = ‐0.7, p< 0.001, r = 0.6, p < 0.05;
n = 18) respectively (Figure 5.19). However, clades of Alphaproteobacteria,
SAR11 and Roseobacter sp. showed strong, significant negative correlation
between clades and diatoms (r = ‐0.9, p< 0.05, and r = ‐0.85, p< 0.05; n = 6;
respectively). The average counts of hybridized cells by FISH probes to total DAPI
stained

cells

of

all

investigated

domains

(Eubacteria,

Euryarchaea),

proteobacteria classes (Alpha‐, Gamma, and Betaproteobacteria), and clades
(SAR11 and Roseobacter sp.) are shown listed in Tables 5.4 & 5.5 with their
significance to the investigated environmental parameters.
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(A)

(B)

(D)

(E)
(C)

Figure 5.17 Comparisons between Chl‐a concentrations and (A) β‐proteobacteria (B) γ‐
proteobacteria (C) α‐proteobacteria and clades of a‐proteobacteria (D) SAR11, and (E)
Roseobacter sp. detected by FISH oligonucleotide probes in Southampton Water during
2013 (April‐August) 2013, (May‐June) 2014, and (April‐August) 2015.
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(A)

(B)

(C)

Figure 5.18 Comparisons between Chl‐a concentrations and clades of γ‐
proteobacteria, α‐proteobacteria and β‐proteobacteria average cell counts in
Southampton Water (April‐August) in (A) 2013, (B) 2014, and (C) 2015. Solid
Line in (C) is regression line for Christchurch Harbour.

139

Figure 5.19 Comparisons between (A) β‐proteobacteria (B) γ‐proteobacteria average cell count of
positive cells detected by and diatoms average count by microscopic identification in Southampton
Water (March‐August) 2013. Solid line is regression line.
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Table 5.4 Average count of different phylogenetic bacterial taxa in Southampton
Water (March‐ August). Average cell counts (x106 ml‐1) calculated to total DAPI
stained cells. 30‐45 fields were counted. Pearson’s correlation calculated.
Date

Bacteria

Euryarchae

α–

γ–

β–

SAR11

Roseobact

2013

(EUB33I

a

proteobact

proteobacter

proteobacter

clade

er clade

‐III)

(EURY806)

eria

ia (GAM42a)

ia (BET42a)

(x106 ml‐

(RSB67)

(x106

(x106 ml‐1)

(ALF968)

(x106 ml‐1)

(x106 ml‐1)

1)

(x106 ml‐

(x106 ml‐1)

ml‐1)
27

1)

2.59

0.14

1.30

0.36

0.44

ND

ND

12 April

2.68

0.2

0.99

0.45

0.37

ND

ND

19 April

2.48

0.21

1.21

0.50

0.42

0.61

0.36

26 April

2.94

0.17

1.18

0.45

0.41

0.56

0.34

30 April

3.23

0.25

1.14

0.40

0.35

ND

ND

7 May

3.55

0.28

1.45

1.40

0.22

0.7

0.4

14 May

4.16

0.11

0.85

1.36

0.3

ND

ND

21 May

3.08

0.15

1.1

1.37

0.23

ND

ND

7 June

2.58

0.23

1.1

1.10

0.26

ND

ND

11 June

2.94

0.17

0.87

1.00

0.26

ND

ND

19 June

3.01

0.19

0.94

0.80

0.2

ND

ND

26 June

3.48

0.15

1.11

0.90

0.29

0.70

0.45

3 July

3.15

0.26

0.78

0.77

0.3

ND

ND

10 July

3.27

0.32

0.96

0.74

0.23

0.58

0.31

19 July

3.06

0.31

1.03

0.93

0.36

ND

ND

26 July

3.17

0.24

1.266

1.00

0.13

0.75

0.47

2 August

3.07

0.33

0.99

0.83

0.4

ND

ND

9 August

3.57

0.24

1.11

0.92

0.12

ND

ND

Temper

0.18

0.0002*

0.27

0.12

0.014*

0.3

0.3

March

ature
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(p‐
value)
Salinity

0.08

0.03*

0.5

0.45

0.13

0.7

0.8

0.9

0.08

0.2

0.05*

0.4

0.05*

0.15

(p‐
value)
Chl‐a (p‐
value)
(*) P‐value is ≤ 0.05, ND: not done
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Table 5.5 Average count of different phylogenetic bacterial taxa in Southampton
Water (March‐ August). Average cell counts (x106 ml‐1) calculated to total DAPI
stained cells. 30‐45 fields were counted. Pearson’s correlation calculated.

Date
2013

Bacteria

Euryarchaea

α–

γ–

β–

(EUBI‐III)

(EURY806)

proteobacter

proteobacteria

(x106 ml‐

(x106 ml‐1)

ia (ALF968)

(GAM42a)

(x10 ml )

(x10 ml )

(x10 ml )

)

6

1

‐1

6

‐1

SAR11

Roseobac

proteobacter

clade

ter clade

ia (BET42a)

(x106 ml‐1)

(RSB67)

6

(x106 ml‐

‐1

)

1

25April

3.00

0.18

0.89

0.66

0.84

0.50

0.35

3May

3.72

0.25

0.7

0.40

1.44

0.36

0.32

23 May

3.17

0.25

0.71

0.38

1.51

ND

ND

20 June

3.14

0.22

0.84

0.40

1.11

ND

ND

28June

3.02

0.23

0.91

0.55

1.34

ND

ND

4 July

3.58

0.41

1.14

1.14

0.70

0.66

0.40

23July

3.52

0.30

1.46

1.10

0.76

ND

ND

6August

3.42

0.33

1.20

1.11

0.88

0.65

0.40

14August

3.71

0.28

0.88

0.75

0.87

ND

ND

20August

3.49

0.35

1.15

0.72

1.26

0.60

0.42

27August

3.94

0.37

1.18

0.70

1.24

0.71

0.39

Temperatu

0.15

0.02*

0.0015*

0.0016*

0.2

0.09

0.025*

0.3

0.5

0.003*

0.004*

0.003*

0.005*

0.04*

0.9

0.9

0.05*

0.04*

0.02*

0.04*

0.2

re (p‐value)
Salinity (p‐
value)
Chl‐a (p‐
value)

(*) P‐value is ≤ 0.05, ND: not done
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Principal component analysis (PCA) of the environmental parameters
(temperature, salinity, and Chl‐a) and bacterial groups was conducted to reveal
the intrinsic structure of variance within the data to provide insight into the
underlying processes governing bacterial abundances (Glover et al., 2011). For
Southampton Water, the PCA of Eubacteria, Euryarchaea, salinity, temperature,
and Chl‐a for the three years, given in Table 5.6, shows that 43% of the variances
was explained by PC1 and 30% variances explained by PC2 (Figure 5.20‐A). PC1
comprised of the most important parameters: temperature; salinity and
Euryarchaea abundances while PC2 mostly described by Eubacteria and Chl‐a.
The PCA of Gamma‐, Alpha‐, Betaproteobacteria with salinity, temperature, and
Chl‐a in Table 5.7 shows 36.4% of variance is explained by PC1. This shows that
the variance within the dataset was mostly affected by temperature and salinity.
Moreover, 27.6% of the variances was explained by PC2 which was dominated
by Chl‐a affecting Gammaproteobacteria and Alphaproteobacteria (Figure 5.20‐
B). However, in Christchurch Harbour, the principal component analysis
investigating relations between environmental parameters and Eubacteria and
Euryarchaea showed 60.8% of the variances were explained by PC1 (Table 5.8)
where Eubacteria were positively affected by Chl‐a and temperature and
negatively by salinity (Figure 5.21). Meanwhile, PC2 explained 24.6% of the
variances of Euryarchaea and Eubacteria by temperature. The PCA analysis for
proteobacteria classes and environmental parameters in Table 5.9 showed that
PC1 explains 74.6% of Chl‐a, Alphaproteobacteria and Gammaproteobacteria
variance, while PC2 showed 13.2% variances explained by temperature, salinity
and Betaproteobacteria.
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Table 5.6 Principal component analysis (PCA) results for the bacterial groups
(Eubacteria and Euryarchaea), and environmental parameters (temperature,
fluorometric Chl‐a concentrations, and salinity) mostly contributed to the
variances in Southampton Water for three years.
PC1

PC2

Eubacteria

0.18

0.71

Euryarchaea

0.54

‐0.16

Chl‐a

0.30

‐0.65

Salinity

0.46

0.06

Temperature

0.62

0.20

Variances %

43.4%

30.1%

Table 5.7 Principal component analysis (PCA) results for the bacterial groups (γ‐
proteobacteria, α‐proteobacteria, β‐proteobacteria) and environmental
parameters (temperature, fluorometric Chl‐a concentrations, and salinity)
mostly contributed to the variances in Southampton Water for three years.
PC1

PC2

γ‐proteobacteria

0.33

‐0.56

α‐proteobacteria

‐0.25

‐0.44

β‐proteobacteria

‐0.50

0.13

Chl‐a

0.03

0.66

Salinity

0.55

0.19

Temperature

0.52

0.02

Variances %

36.4%

27.6%
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(A)

(B)

Figure 5.20 Principal component analysis (PCA) showing effect of environmental parameters
on different bacterial groups detected by FISH in Southampton Water (A) Environmental
parameters with γ‐proteobacteria, α‐proteobacteria, and β‐proteobacteria. (B) Environmental
parameters with Eubacteria and Euryarchaea.
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Table 5.8 Principal component analysis (PCA) results for the bacterial groups
(Eubacteria and Euryarchaea), and environmental parameters (temperature,
fluorometric Chl‐a concentrations, and salinity) mostly contributed to the
variance in Christchurch Harbour, 2013.
PC1

PC2

γ‐proteobacteria

0.44

0.04

α‐proteobacteria

0.43

0.34

β‐proteobacteria

‐0.39

0.47

Chl‐a

0.45

‐0.07

Salinity

‐0.37

0.49

Temperature

0.37

0.64

Variances %

74.6%

13.2%

Table 5.9 Principal component analysis (PCA) results for the bacterial groups
(γ‐proteobacteria, α‐proteobacteria, β‐proteobacteria), and environmental
parameters (temperature, fluorometric Chl‐a concentrations, and salinity)
mostly contributed to the variance in Christchurch Harbour, 2013
PC1
PC2
Eubacteria

0.50

‐0.33

Euryarchaea

0.13

0.86

Chl‐a

0.55

‐0.02

Salinity

‐0.45

0.21

Temperature

0.48

0.32

Variances %

60.8%

24.6%
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(A)

(B)

Figure 5.21 Principal component analysis (PCA) showing effect of environmental
parameters on different bacterial groups detected by FISH (A) Environmental
parameters with γ‐proteobacteria, α‐proteobacteria, and β‐proteobacteria. (B)
Environmental parameters with Eubacteria and Euryarchaea.
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5.2.4 Correlation between different phylogenetic groups of proteobacteria
Different trends were investigated between classes of proteobacteria during the
investigated time series in the two estuaries. An opposing trend was found
between Gammaproteobacteria and Betaproteobacteria in Southampton Water
during the three years of sampling and between the two estuaries during 2013.
Gammaproteobacteria had negative correlation with Betaproteobacteria during
the three years (2013, 2014, and 2015) in Southampton Water with significant
relationship (R2 = 0.15, r = ‐0.4, p < 0.05 n = 28) as seen in Figure 5. 22. Similarly,
a

strong,

negative

correlation

between

Gammaproteobacteria

and

Betaproteobacteria was detected in Christchurch harbour during 2013, (R2 = 0.7,
r = ‐0.8, p < 0.05; n = 11) Figure 5.20. However, Gammaproteobacteria were
positively correlated with Alphaproteobacteria in Christchurch Harbour (R2 =
0.5, r = 0.7, p <0.05, n = 11) as shown in Figure 5.22‐A, and no correlation detected
in Southampton Water between Gammaproteobacteria and Alphaproteobacteria.
SAR11 and Roseobacter sp. clades followed Alphaproteobacteria patterns in both
estuaries. During the three investigated years in Southampton Water, SAR11
were significantly related to Alphaproteobacteria with positive correlation (R2 =
0.3, r = 0.7, p < 0.05, n = 15,), while Roseobacter clade showed a strong positive
correlation with significant relationship with Alphaproteobacteria (R2 = 0.6, r =
0.8, p < 0.001, n = 15) (Figure 5.23). In addition, a significant positive correlation
was detected between SAR11 and Roseobacter sp. during the three years of
sample collection in Southampton Water (r = 0.75, p < 0.05) (see Figure 5.24).
Moreover, a strong, positive correlation was detected between SAR11 and
Roseobacter sp. during the three years in Southampton Water (r = 0.75, p < 0.001,
n = 16).
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(A)

(C)

(B)

(D)

Figure5.22 Comparisons average cell counts detected by FISH probes between classes of
proteobacteria during the 2013, 2014 and 2014 in Southampton Water (A) γ‐proteobacteria &
β‐proteobacteria (B) γ‐proteobacteria & α‐proteobacteria, in Christchurch Harbour (C) γ‐
proteobacteria & β‐proteobacteria, and (D) γ‐proteobacteria & α‐proteobacteria. Solid line is
regression line.
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(A)

(B)

(C)

Figure 5.23 Comparisons of between abundances of clades of a‐proteobacteria
(A) SAR11 & Roseobacter sp. and (B) & (C) a‐proteobacteria and clades belong to
the class. Solid line is regression line.
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5.3 Discussion
Investigating the dynamics of dominant phylogenetic bacterioplankton
groups using Fluorescence In Situ Hybridization (FISH) with
oligonucleotide probes
The dominant groups of phylogenetic heterotrophic bacterial abundance,
dynamics, and succession of different taxa were investigated in surface water of
two South Coast UK estuaries during phytoplankton blooming periods. The
investigation involved a Fluorescence In Situ Hybridization (FISH) protocol with
r‐RNA targeted oligonucleotide probes; and correlated their abundance and
succession to the physical and chemical environmental parameters. Fluorescence
In Situ Hybridization (FISH) method is an accurate method for the investigation
of

bacterioplankton

community

composition

in

natural

habitats

as

bacterioplankton cells in aquatic environments are apparent to be permeable for
short fluorescence oligonucleotides probes (De Long, 1989, Amann et al., 1990;
Glockner et al., 1996). The fluctuation (rising or declining) of community
individuals revealing similarity to other known characteristic values is called the
‘seasonal pattern’ (Griffith et al., 1994). In the present study, the seasonal
patterns described the temporal changes of the investigated groups of bacteria
during spring and summer phytoplankton blooms in addition to physical‐
chemical parameters. During 2013, surface water samples were collected in
Southampton Water for 18 dates between March‐August, in addition to 11
sampling dates in Christchurch Harbour, to assess the succession of different
phylogenetic groups throughout the phytoplankton bloom periods. The FISH
protocol allows quantitative assessment dynamics of proteobacteria classes both
spatially and temporally.
In estuaries, planktonic bacterial community composition is evidently complex,
resulting from the mixture of marine and freshwater and the sharp gradients of
environmental parameters as discussed in section 1.3.2 (Crump et al., 1999).
Therefore, to understand the community composition of the two investigated
estuaries, different probes were used for the variable bacterial taxa. The
investigation included two domains, i.e. Eubacteria and Euryarchaea; three
classes of proteobacteria Alpha‐, Beta‐, Gammaproteobacteria; and the two
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clades SAR11 and Roseobacter sp. belonging to Alphaproteobacteria class often
shown to predominate in temperate estuarine water (Amann et al., 1990; Manz
et al., 1992; Daims et al., 1999; Glockner et al., 1999; Zubkov et al., 2001; Morris
et al., 2002; Marry et al., 2006; Brablcova, et al., 2013).
Method evaluation: the efficiency of oligonucleotide probes on different
marine bacterial isolates
The efficiency of the oligonucleotide FISH probes applied in this study, and
efficient identification and counting of hybridized cells were assessed by the use
of monoculture marine bacterial isolates. It has been noted that fluorescent
probes show cells larger than the DAPI stain and that could be indicated by
microscopic images (Alfreider et al., 1996). The relative abundances detected for
Halomonas sp. and Roseobacter litoralis by EUB338 I‐III, were rather high, and
comprised up to 97.5% of all investigated sets of mixtures. The first mixture (#1)
of 1:1 ratio detected by specific ALF968 and GAM42a probes identified a relative
proportion of 48% to 48.9% (Figure 5.1) indicating the efficiency of the designed
probe and fluorescence signals (Figure 5.1‐A). However, the other mixtures of
Halomonas sp. to Roseobacter litoralis (1:100 and 1:500) showed a lower than
expected relative abundance of Roseobacter sp. which could be explained by low
turbidity and slow growing bacterial isolates compared to the Halomonas sp.
culture which were very turbid. Markedly, the second set of mono‐bacterial
mixtures was 60:40 of Halomonas sp. to Roseobacter litoralis and the
hybridization resulted in 70:50 as relative abundances of positive hybridized
cells; (see Figures 5.2‐5.4). As the images from natural samples with identical
fields showed the fluorescence hybridized cells with specific probes appeared
larger than when stained with DAPI which only stains the nucleic acid as opposed
to the whole cell (Alfreider et al., 1996). In recent studies automated FISH image
analysis software have been developed and applied for accurate and fast
quantitative results of the microbial communities (Amann and Fuchs, 2008).
Temporal and spatial bacterioplankton community succession
Proteobacteria classes’ relative abundances
The relative abundance expressed as a percentage of positive hybridized cells to
DAPI stained cells, were estimated in addition to the average cell count. High
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percentages of Eubacteria were detected in relation to DAPI stained cells among
the three years in the two estuaries, and ranged between 80.7% and 95.4% of
DAPI stained cells. Such high percentage of Eubacteria hybridized cells have been
previously reported in temperate estuaries (Jones et al., 2006; Cottrell and
Kirchman, 2003). The probe mixture of (EUB338I,‐II, and –III) is characterized
by high hybridization affinity covering most of the Eubacterial domain. A study
by Daims et al. (1999) re‐evaluated the EUB338 I coverage of Eubacterial domain
and showed that they do no hybridize the phyla Planctomycetales and
Verrucomicrobiales. Therefore, the EUB338 II and EUB338 III were designed to
cover all the mentioned Eubacterial phyla in complex natural environments.
Evidently, the probe EUB338 I‐III mixture has been proven to estimate almost
94% of bacterial communities while not covering the deep‐branching group
Aquificales (Amann and Fuchs, 2008). The details of the EUB338 I‐III target phyla
are listed in Table 2.2 of Chapter 2.
In this study, the surface water samples were analysed and showed low numbers
of archaea (Euryarchaea) in both estuaries averaged between 3.8% and 10.1% of
the total. The choice of detecting Euryarchaea group based on the previous
studies within the same marine habitat (English Channel) (Andrew, 2003; Mary
et al., 2006). Similar findings have indicated low abundances of Euryarchaea in
surface water in many marine habitats, and their abundances tend to
significantly increase with depth (Church et al., 2003; Teira et al., 2004) up to
5000 meters, and may comprising between 63% and 90% of the microbial
communities in depths below the euphotic zone (>150m) (Karner et al., 2001).
In the latter study, the FISH probe (ERUY806) was used to detect Euryarchaea
group (same probe used in this study) and showed that Euryarchaea abundance
were very low throughout the whole water column and constituted up to (10%).
For most of the investigated sampling dates, the total of Eubacteria plus
Euryarchaea average cell counts were lower than the total count by DAPI for the
same number of fields. A significant correlation was detected between the total
DAPI stained cells and the total Eubacteria and Euryarchaea in the two estuaries
(r = 0.92, p < 0.0001, n = 29) (see Figure 5.6). This could be attributed to the fact
that DAPI is a highly specific stain for nuclear, mitochondrial, and chloroplast
154

double stranded DNA (Porter and Fieg, 1980). Additionally, DAPI‐stained
planktonic cells fluoresce a very distinctive silver blue against the dark
background, while other non‐stained particles appear yellow, which contrasts to
the blue fluorescence (Hick et al., 1992). The storage of the filter, and the
impermeability of the cell wall could explain also the difference between the sum
of Euryarchaea plus Eubacteria with total DAPI stained cells (Cottrell and
Kirchman, 2000; Medlin and Tobe, 2011; Neuenschwander et al., 2015). In
addition to limitation of the probes that have been used in this study other
bacterial groups may not be detected (Fuhrman et al., 1998).
In Southampton Water and during the three years, Alphaproteobacteria were the
most abundant group of proteobacteria, ranging between 19% and 43.9% of total
DAPI stained cells. Meanwhile, in Christchurch Harbour they were detected with
slightly

lower

abundances

between

17%

and

33%.

Comparatively,

gammaproteobacteria relative abundances fluctuated in both estuaries and their
relative abundances ranged between 9.9% and 35% in Southampton Water in
the three year, and similar percentages in Christchurch Harbour between 10%
and 30.3%. However, Betaproteobacteria were the most variable in relative
abundances between that ranged between 3.3% and 13.2% in Southampton
Water and 19.3% and 40.1% in Christchurch Harbour. Alphaproteobacteria are
known to be one of the most abundant single cell bacterial type in pelagic waters
showing seasonality between summer and winter (Barblcova et al., 2013,
Schattenhofer et al., 2009). A similar study by Glockner et al. (1999), detected
different phylogenetic groups and subgroups of bacterioplankton communities
in fresh water and marine samples using oligonucleotides. In marine samples,
Alphaproteobacteria were significantly higher than freshwater samples while
Gammaproteobacteria showed no clear pattern among different water bodies.
However, Betaproteobacteria indicated a similar trend to results from this study
with relative abundances almost 32% in freshwater and with almost 0% in
marine samples.
Generally, cells of the SAR11 clade revealed to be one of the most abundant clades
in the world’s ocean and dominates others in temperate marine (Morris et al.,
2002; Rappe et al., 2002) and estuarine waters (Kirchman et al., 2005); Polar
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Regions (Straza, et al., 2010) and the warm Southern Ocean (Tada et al., 2013).
The choice of multiple probes of SAR11 (SAR11‐152R and SAR11‐542) applied
in this study was based on Mary et al. (2006) whose sites had similar physical
and chemical environmental conditions. Moreover, the use of multiple probes can
be helpful with low r‐RNA contents of the clade to strengthen the fluorescence
signal for specific bacterial groups as SAR11 known to have low content of r‐RNA
(Amann et al., 1990). Mary et al. (2006) presented similar relative abundances of
SAR11 in the English Channel to those reported in section 5.1.2. Nonetheless,
they reported lower abundance of Roseobacter sp. at 1‐11.3% (Table 5.10).
In the present study in Southampton Water and for the three years of sampling,
SAR11 and Roseobacter sp. clades closely followed trends in Alphaproteobacteria
and concurrent peaks during the phytoplankton bloom with a positive,
significant correlation with Alphaproteobacteria (r = 0.7, p < 0.05; n = 15 for
SAR11 and r = 0.8, p < 0.001; n = 15 for Roseobacter sp.) see Figure 5.22.
Moreover, the two clades followed trends in abundance and were significantly,
positively correlated (r = 0.75, p < 0.05) in Figure 5.22‐A. While this study only
targeted the spring and summer blooms, a study by Gilbert et al. (2012) over 6
years at the L4 sampling site examining seasonal dynamics, showed that SAR11
and Roseobacter sp. exhibited opposite seasonal cycles in abundance. SAR11
peaked in winter and is characterised as obligate pelagic bacteria which grow in
nutrient limited environment whereas, Roseobacter sp. peaked in spring and
autumn preferring nutrient‐rich environments. Despite of the few data points In
Christchurch Harbour, Roseobacter sp. was increasing during summer as the
estuary is a rich‐nutrient habitat. Therefore, to understand the seasonal cycle of
SAR11 and Roseobacter sp. abundances and correlation with environmental
parameters in the investigated estuaries, a long term monitoring and
investigation is needed to study the seasonal cycle. The planktonic bacterial
community abundance and structure has been always an indicator of the
ecosystem dynamic due to their vital role in carbon and nutrient cycles (Straza et
al., 2010; Hill et al., 2012; Kopylov et al., 2012; Gomez‐Pereira et al., 2013). To
understand heterotrophic bacterial growth and abundance, two processes must
be considered the bottom‐up and top‐down processes occurred in aquatic
156

system (Kirchman, 2012). The available nutrient, and organic carbon will
enhance the bacterial growth and increase the population size and stabilize it
until all the resources consumed. Then heterotrophic bacteria population
deceased due to the effect of the top‐down process rate (predation) by grazers
like microzooplankton and viruses (Azam et al., 1983; kirchamn, 2012; Campbell
and Kirchman, 2013) Some selected studies investigated the abundances of
different phylogenetic proteobacterial groups in similar temperate marine
habitat to the present study with oligonucleotide probes detected by FISH are
listed in Table 5.10.

Table 5.10 Relative abundances (expressed as percentages %) of most dominant
proteobacteria groups in surface water in the present study and selected studies,
detected by oligonucleotide FISH probes targeted r‐RNA or CARD‐FISH, on
different marine aquatic environments. (ND) not done in the mentioned study.
Dominant proteobacteria group

Locality

Study

Southampton Water,

Present study

Eubacteria (80.7‐92.9%)
Alphaproteobacteria (27.2‐43.9%)
Gammaproteobacteria (9.7‐35%)
Betaproteobacteria (3.3‐13.2%)

UK

Euryarchaea (5.7‐8.7%)
SAR11 (14.5‐18.9%)
Eubacteria (90.6‐95.4%)
Alphaproteobacteria (17.1‐33.9%)
Gammaproteobacteria (10.2‐32.7%)
Betaproteobacteria (19.3‐41.1%)

Christchurch Harbour,

Present study

UK

Euryarchaea (3.7‐8.2%)
SAR11 (10.8‐15.3%)
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Eubacteria (ND)
Alphaproteobacteria (24‐42%)
Gammaproteobacteria (28‐43%)
Betaproteobacteria (5‐15%)

Southampton Water,

Andrew, 2003

UK

Euryarchaea (2‐7%)
SAR11 (ND)
Eubacteria (70‐90%)
Alphaproteobacteria (17.6‐27.6)
Gammaproteobacteria (7‐13.3%)

English Channel, UK

Mary et al., 2006

West Antarctic,

Straza et al., 2010

Betaproteobacteria (ND)
Euryarchaea (6‐10.2%)
SAR11 (8.9‐12.8)
Eubacteria (80‐84.8%)
Alphaproteobacteria (24.9‐35%)
Gammaproteobacteria (19.7‐24%)

Peninsula

Betaproteobacteria (ND)
Archaea (ND)
SAR11 (17.3‐20%)
Eubacteria (75‐94%)
Alphaproteobacteria (35.3‐48.7%)
Gammaproteobacteria (4.6‐22.4%)

North‐east Atlantic
Ocean

Hill et al., 2012

Betaproteobacteria (ND)
Archaea (ND)
SAR11 (30.9‐41.7%)
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Eubacteria (29%)
Alphaproteobacteria (22%)
Gammaproteobacteria (13%)
Betaproteobacteria (11%)

Bystrice stream, Czech

Archaea (ND)

Republic

Barblcova et al., 2013

SAR11 (ND)

Temporal phylogenetic proteobacteria groups succession as related to
salinity in the two estuaries in 2013
Salinity gradients characterising estuarine waters are considered among the
most important physical factors dictating microbial diversity in these
environments (Remane and Schlieper, 1971). In the present study, salinity was
the major variable environmental parameter between the two temperate
estuaries. In Southampton Water, salinity averaged between 27 and 33 thus
supporting the growth of marine classes of proteobacteria such as
Alphaproteobacteria which comprised up to 43.9% of the total proteobacteria
detected classes relative to DAPI stained cells with Gammaproteobacteria also
comprising up to 35% of the total. A significant positive correlation was detected
between Alphaproteobacteria abundances and salinity in Southampton Water
during 2013, while Gammaproteobacteria showed no correlation (see Figure
5.10). On the other hand, Betaproteobacteria was low in abundance (3‐13%) of
the total population as the increase of the relative abundances may be explained
by flushing of riverine species and increased rainfall (Glockner et al., 1999;
Barros et al., 2014; Garcia et al., 2015). Markedly, on the 27th of March in
Southampton

Water

where

the

salinity

reached

27

due

to

high

precipitation/rainfall, the Betaproteobacteria abundances reached the maximum
of the whole season at 13.2% and decreased again as the salinity increased
afterwards. Another relative peak of Betaproteobacteria was detected on the 26th
of June of 12.1% where a partially stratified water column was evident from the
contour plot (Figure 2.6) supporting the proliferation of freshwater riverine
species.
159

Christchurch Harbour salinity fluctuated considerably yet was much lower than
Southampton Water with range of 1.3‐22 (section 3.2.1). Alphaproteobacteria
averaged between 17.1% and 33.9% in relative abundances to DAPI stained cells.
Low abundance of Alphaproteobacteria were detected in spring (17‐21%) with
lower salinity values (1.3‐12) while during summer period (July‐August), as
salinity increased to 16‐22.5 with reduced over flow rate, their abundances
increased up to 33.9% and exhibited significant positive correlation between
Alphaproteobacteria and salinity (r = 0.8, p < 0.05) (Figure 5.10). Many studies of
Alphaproteobacteria in marine environments have related their abundance to
salinity. Cottrell and Kirchman (2003), highlighted a switch in bacterial
community towards dominance of Betaproteobacteria in the fresh water part
from Alphaproteobacteria which dominated the marine part of the Delaware
Estuary,

USA.

Similar

trends

were

observed

in

this

study,

with

Alphaproteobacteria comprising 20‐40% of the community in the highly saline
Southampton water, whilst in Christchurch Harbour, it comprised 17% (at 5 PSU)
and reached 33% as salinity increased towards 22 PSU. Additionally, in
Christchurch Harbour Gammaproteobacteria had a significant positive
correlation with salinity (r = 0.79, p < 0.05) (in Figure 5.10).
Similarly, our results of Gammaproteobacteria show a positive correlation with
salinity in Southampton Water among the three years despite the narrow range
of variability in salinity. Betaproteobacteria were the most variable group
detected in terms of their relative abundances in both estuaries and that could be
related to the salinity variability in both estuaries. A strong significant negative
correlation was detected between this group and salinity (r = ‐0.95, p <0.0001, n
= 29; Figure 5.10). The assumption that Betaproteobacteria favour freshwater
system and coexist in environment in low salinity has been supported in many
studies (Hiorns et al., 1997; Zwart et al., 1998; Eiler and Bertilsson 2004, Cottrell
and Kirchman 2004; Kirchman 2005; Garcia et al., 2015; Giberto et al., 2007).
Thierry et al. (2002) reported that Betaproteobacteria dominated the upper
freshwater part of the Choptank and Pocomoke estuaries that confluence into
Chesapeake Bay, US, comprising up to 60% of total DAPI count. However,
Alphaproteobacteria dominated the saltwater parts of the estuaries at
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approximately 48% of total DAPI cells. Similar findings by Andrew (2003) in
Southampton Water at three stations along the River Itchen and into the estuary
as the first study documenting phylogenetic proteobacterial abundances of this
site (Table 5.10). The study indicated high abundances of Alphaproteobacteria
and

Gammaproteobacteria

in

the

saline

part

of

the

estuary

with

Betaproteobacteria showing no correlation with salinity. In the current study,
sampling was conducted at a station directly seaward of Andrew’s (2003)
lowermost station. For better understanding of the behaviour each class of
proteobacteria with salinity, exploring the dominant genera in the corresponding
group and investigating their osmotolerance mechanism would help in dictating
their strategy in maintain cellular osmolality. Accordingly, certain species would
proliferate in such an environment depending on the bacterial species ability to
transport and metabolize the solute for reproduction (Collins and Deming, 2013).
Clades of Alphaproteobacteria SAR11 and Roseobacter sp. showed no correlation
and with salinity but relatively high abundance as the probe of SAR11 targets two
species of the clade (SAR11‐152 and SAR11‐542). These two clades constituted
up to 76.1% of the total Alphaproteobacteria during spring and increasing
toward summer reaching up to 96%. SAR11 contributed the most to
Alphaproteobacteria abundance reached up to 61.5%. Despite the few data
points in Christchurch Harbour, the abundances of SAR11 and Roseobacter sp.,
were significantly , positively, correlated to salinity (r = 0.94, and r = 0.83,
respectively, with p< 0.05, n = 6). Similar findings by Mohit et al. (2017), in the
Gulf of St. Lawrence, Canada, comparing the attached and free living bacterial
communities, showed that SAR11 was the abundant marine subgroup with
salinity around 30.7 and dominated Alphaproteobacteria in the free‐living
marine communities. The current study focuses mainly on the observation of the
dynamic or temporal distribution of the classes of proteobacteria not at the
species level except for clades of Alphaproteobacteria as a dominant class on the
main estuary of interest.
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Temporal phylogenetic proteobacteria groups succession as related to
temperature in the two estuaries
The correlation of the bacterial groups with temperature variation were
investigated as it is considered an important factor causing shifts in the aquatic
microbial communities. In Southampton Water and during 2013, temperature
ranged between 5.3‐21.4°C (April‐August). Among all investigated bacterial
groups, only Betaproteobacteria showed significant negative correlation with
temperature (r = 0.6, p < 0.05, n = 18; in Figure 5. 14). Additionally, Eubacteria
and Euryarchaea had significant positive correlations with elevated temperature
(r = 0.76, p < 0.001, r = 0.55, p < 0.05, respectively, n = 18). Similar findings were
shown in Christchurch Harbour, with significant positive correlation between
Gamma‐, Alpha‐proteobacteria, Euryarchaea and temperature as follows (r = 0.7,
p < 0.05; r = 0.83, p ≤ 0.001; r = 0.68, p < 0.05, n = 11) respectively (Figure 5.12
&5.13; Table 5.). In coastal ecosystems, temperature is a controlling factor
enhancing solubility of the organic carbon and accordingly controlling microbial
planktonic production and biomass (Griffith et al., 1994; Alonso‐Saez and Gasol
2007; Jing and Lui, 2012; Calvo‐Diaz et al., 2014; Mohit et al., 2017).
In the present study, the investigated bacterial groups showed variable
correlation with temperature which could be due to different temperature
optima of different taxa (Adams et al., 2010; Degerman et al., 2013). Despite their
low abundance in the present study, Euryarchaea were significantly, positively
correlated with temperature. Similar to Lucas et al. (2015) findings in the North
Sea (German Bight), Euryarchaea were dominating bacterial community and
correlated directly with temperature based on their cardinal temperature (the
range in which optimal growth condition prevail). Moreover, many studies
indicated Euryarchaea were indirectly influenced by initiation of the formation
phytoplankton blooms providing dissolved and particulate organic matter for
heterotrophic bacteria to consume (Hoppe et al., 2008; Mohit et al., 2014; Xie et
al., 2015).
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Temporal phylogenetic proteobacteria groups succession as related to
Chl‐a in two estuaries
The dependence of heterotrophic bacteria on the dissolved organic carbon
derived from phytoplankton blooming has been the subject of many
investigations in different aquatic systems. The fluctuation of the phylogenetic
bacterial groups in the two estuaries with phytoplankton blooms periods may
highlight an interaction between the phytoplankton exudates and bacteria
abundances in addition to other environmental parameters. Correspondingly,
this has been one of the questions of the present study. Some investigated
bacterial groups showed negative correlations with Chl‐a concentrations which
indicate the consumption of the available organic carbon after algal death.
Additionally, the availability of organic material for support of bacterial growth
and cause an increase in their number towards the later stages of the
phytoplankton bloom with competition over the inorganic nutrients eventually
ending the bloom (Azam et al., 1983; Tada et al., 2011). Despite the fact that
phytoplankton blooms are considered a major supply of the organic carbon in
aquatic systems, anthropogenic activities also provide organic carbon and may
explain the non‐significant trends with some bacterial groups (Barrera‐Alba et
al., 2008).

In Southampton Water, and for the three years of sampling,

Gammaproteobacteria was significantly negatively correlated with Chl‐a
concentrations (r = ‐0.5, p<0.05, n = 28) (Figure 5.17) with increasing in average
cell number toward the end of the spring bloom from 0.4 to 1.4 x106 ml‐1 while
the Chl‐a decreased from 6.7 µg L‐1 to 0.9 µg L‐1. In addition, SAR11 exhibited a
strong negative correlation with Chl‐a and the average cell counts increased from
0.56 x106 ml‐1 to 0.7 x106 ml‐1 after two weeks of spring and summer bloom (r =
‐0.81,

p<0.05). The negative correlation between Chl‐a concentrations of

Gammaproteobacteria and SAR11 may be explained by the fact that, bacteria
respond to algal detritus rather than active living phytoplankton (Cole, 1982).
Additionally, as the bacterial abundances increases the uptake of inorganic
nutrients that are consumed mainly by bacteria due to their small size to large
surface area which would cease phytoplankton bloom (Currie and Klaff, 1984;
Grossart, 2010).
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In the present study in Southampton Water, relatively low peak Chl‐a
concentrations were measured during the bloom events (7.0 µg L‐1 in spring, and
9.0 µg L‐1 in summer). By comparison, Ali (2003) reported a peak of 22 µg L‐1
(19th May, 1999) at a location to the North West of our sampling position in
Southampton Water, and Andrew (2003) reported peak values of 34 µg L‐1 and
32 µg L‐1 in spring and summer, respectively.
In low nutrient surface water, small size bacteria (e.g. SAR11 clade) dominate and
consume small organic molecules whereas, in rich‐nutrient surface waters the
growth of heterotrophic bacteria is supported by complex organic matter
(Gomez‐Pereira et al., 2013; Teeling et al., 2016). Notably, Eubacteria and
Euryarchaea showed no correlation to Chl‐a concentrations in this study.
However, the investigated classes of proteobacteria had significant negative
correlation with Chl‐a concentrations (r = ‐0.61, p < 0.05, n = 11) for
Gammaproteobacteria, Alphaproteobacteria (r = ‐0.61, p < 0.05, n = 11) and (r =
‐0.83, p < 0.05, n = 6) for SAR11 clade, in Christchurch Harbour. Conversely,
Betaproteobacteria showed a significant positive correlation (r = 0.7, p< 0.05, n=
11). It is important to realize that the contrasting abundances of
Betaproteobacteria found in the two estuaries may be controlled more by the
salinity than the concentrations of Chl‐a. This therefore requires multivariate
analysis of correlation, and a principle component analysis can highlight the
relative importance of each environmental parameter (see 5.3.3).
The ability of certain bacterial groups or lineages to utilize specific
phytoplankton derived organic matter has been extensively explored in recent
studies in different aquatic systems on attached and free‐living bacteria
(Anderson et al., 2010; Teeling et al., 2012, 2016; Wemheuer et al., 2013; Sison‐
Magnus et al., 2016). Studies by Teeling et al. (2012 & 2016) investigated carbon
cycling by heterotrophic bacteria during algal spring bloom for 4 years in the
North Sea (Germen Bight). Based on their finding, they suggested that mainly
flavobacteria, Gammaproteobacteria, and Roseobacter sp. clade are associated
with diatom blooming and the succession of heterotrophic bacteria both
taxonomically and functionally as detected by metagenomics analysis. In
addition, the substrate availability would favour the free‐living bacterioplankton
164

species uptake through one specific group favouring one specific substrate
(provided by algae). As the present study showed spring and summer diatom
blooming

in

both

estuaries

had

a

negative

correlation

with

Gammaproteobacteria, further analysis (e.g. metagenomics, physiology, etc.)
might help explain the succession of particular proteobacteria class and
individual clade functionally and taxonomically.
General Discussion
Limitations of FISH
The molecular FISH method, is proven as an accurate means of investigating
microbial planktonic community composition (Glockner et al., 1999; Amann and
Fuchs, 2008; Medlin and Tobe, 2011). Other techniques, like gene cloning,
require much larger samples and involve complex steps that induce biases at
each step of the process (Cottrell and Kirchman, 2000). FISH requires smaller
samples and allows immediate fixing followed hybridization, washing and
staining for examination. However, the technique has a number of limitations
which may affect the count of the targeted group through fluorescence probes
including the physiological state of the cells (cell wall permeability); the
specificity of the probes; the fluorophores choice needed to decrease the
background noise while counting, cell ribosomal contents; the penetration
efficiency of the probe (accessibility of r‐RNA); as well as poorly designed probes
which could affect cell hybridisation and counts (Amann et al., 1990; Alfreider et
al., 1996; Glockner et al., 1996, 1999; Amann and Fuchs, 2008). Single
oligonucleotide probes may underestimate their target organism, if the signal
emitted by the cell is below the background fluorescence especially when the
bacterial cell is characterised by small sized nucleic acid (Morris et al., 2002;
Pernthaler et al., 2002a, b).
Multivariate analysis of environmental parameters and bacterial abundance
The two investigated estuaries differed in physical and chemical parameters
while having similar temperature ranges. The correlations presented focused on
the relation between single parameters (e.g. temperature, salinity, and Chl‐a) and
abundances of certain groups. However, it is likely that observed trends of
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abundance of certain groups of bacteria are dictated by the collective influence
of different environmental parameters as well as community composition,
dynamics, and succession. Multivariate analysis of correlation through a
principle component analysis (PCA) was therefore used to describe the relative
importance of each environmental parameter.
The principal component analysis estimated the most important variances
among the physical‐chemical parameters with different bacterial taxonomic
group’s abundances. During the three years investigated in Southampton Water,
temperature and Chl‐a were the strongest influences on Eubacteria and
Euryarchaea abundance showed by PC1 with 43.4% whereas, with
proteobacteria classes convergent effect of the three tested parameters salinity,
temperature, and Chl‐a mainly on Gamma‐ and Alphaproteobacteria by PC1 with
36.4% (see Figure20‐A). Comparatively, in Christchurch Harbour Chl‐a,
temperature and salinity had a similar effect on Eubacteria with 60.8% variances
by PC1. However, Chl‐a, Gamma‐ and Alphaproteobacteria, in the second PCA
analysis were the most effective on PC1 with 74.6% variances and temperature,
salinity and Betaproteobacteria were mostly the important effective variable
(see Figure 5.21). The lack of correlation between some of the investigated
bacterial groups and Chl‐a emphasis on the specific algal‐bacterial group
interaction, rather than the fact of all bacteria use algal‐derived organic carbon
(Lefort and Gasol, 2013). It is apparent in this study in the two estuaries,
temperature had an influence on the abundance of phylogenetic domain level
(Eubacteria and Euryarchaea) whereas, salinity and Chl‐a had influences on the
abundance of phylogenetic class level (Gamma‐, Alpha‐, and Betaproteobacteria).
To better understand the effect of physical and chemical parameters on the
community composition of the bacterioplankton during the blooming season
more time points need to be investigated to comprehend certain parameter effect
on succession of different groups. Additionally, investigating the bacterial clade
level abundances during blooming of certain phytoplankton species considering
all other biotic and abiotic factors. This and many previous studies suggest the
microbial community structure and dynamic are not arbitrary rather than a
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contribution of the type of the ecosystem and the environmental parameters
considering these parameters are acting simultaneously on bacteria.
Estuarine waters are a mixing zone for bacterial communities, as the water
masses entering the estuary from both the river and the sea water are mixed by
tidal action (Whitfield and Elliott, 2011). It follows that all associated free‐living
bacterial communities are mixed and washed out again within the estuary by the
tide (Crump et al., 1999). As the present study investigated the free‐living
bacteria in the surface layer of estuarine water with weekly interval sampling,
the possibility of sampling different population at each sampling date providing
the similar phylogenetic species that would show the recurrent influence of the
environmental factors may not be certain. However, we found that bacterial
composition in the two estuaries were remarkably stable at different seasons
with fluctuating abundances.
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Chapter 6: Synthesis & Conclusions
6.1 Concluding remarks
A comprehensive assessment of phytoplankton and bacterioplankton
community abundances and interactions with physical and chemical
environmental parameters is lacking in South Coast estuaries in UK. The
importance of studying bacterioplankton is the a crucial role played in the
assimilation and dissimilation of carbon and nutrient recycling and thus have a
serious impact on the quality of coastal and estuarine ecosystems, and their
natural, physical and societal impacts from primary production to food and
freshwater provision. In particular, the phytoplankton blooming seasons are
known to be highly productive and crucial for enriching estuarine waters.
However, little is known about the succession of different heterotrophic bacterial
taxa in the two estuaries. The general aim of this study was to investigate the
physical and chemical control on the dynamics and succession of phylogenetic
bacterial groups during the spring and summer blooming events in two
contrasting estuaries: Southampton Water and Christchurch Harbour with the
following hypothesis to be tested.
1. Physical and chemical environmental factors control the microbial planktonic
community structure during the spring and summer in the Southampton water
and Christchurch Harbour estuaries, and
2. Different phylogenetic groups of bacteria are associated with phytoplankton
communities during bloom events in spring and summer in the Southampton
Water and Christchurch Harbour estuaries. During 2013 phytoplankton bloom
was detected at 10°C during spring, noticeably lower than the temperatures
triggering bloom in Christchurch Harbour (14 °C) and in Southampton Water in
the following two years (14 °C and 15 °C, in 2014 and 2015, respectively). The
neap‐spring tidal cycle, detected by turbidity changes during 2014 and 2015,
supported the onset of the phytoplankton bloom, with noticeable Chl‐a peaks
mainly during spring tides with maximum light penetration. Southampton Water
was characterised with low suspended solid particles compared to other
temperate UK estuaries which provides sufficient solar irradiance for the
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formation of a phytoplankton bloom. Salinity showed significant variability
between the two estuaries, averaging between 27‐33 in Southampton Water
during spring and summer of the three years (2013‐2015), and much lower
averaged between 1.3 and 22 in Christchurch Harbour in 2013. The low salinity
in Christchurch Harbour (Mudeford Quay) was due to high river flow, with low
average depth and hence volume of estuary, plus sampling at low tide. Seasonal
changes of physical parameters in estuaries provide an optimum condition for
the enhancement of phytoplankton blooming.
Chemical parameters showed significant variability between the two estuaries. A
remarkable difference was observed in the concentration of the major nutrients
such as nitrate, phosphate and silicate whereby Southampton Water was
characterised by low nutrients in comparison to Christchurch Harbour. In
Southampton Water, nutrients increased after the rainfall season in addition, to
the Test and Itchen Rivers discharges and sewage discharge. The decline in the
nutrients concentration in late spring followed the phytoplankton bloom and was
explained by the consumption by phytoplankton for photosynthesis and
bacterioplankton nutrients recycling. Nitrate showed fluctuations in the estuary
during the sampling period with weak correlation with the phytoplankton bloom.
In Christchurch Harbour, high nutrients, mainly nitrate, were detected indicating
the freshwater input from the Stour and Hampshire Avon rivers into the estuary
considering its closed system to the sea. The high nutrients concentrations in
Christchurch Harbour supported the growth of phytoplankton and explained the
higher Chl‐a concentrations in comparison to Southampton Water. Oxygen
saturation exhibited high concentration after the Chl‐a peaking in the two
estuaries indicating the phytoplankton onset with exceptional days of super‐
saturation reaching up to 150% in summer period. Two consistent blooms were
detected in Southampton Water from 2013‐2015 during spring and summer,
with Chl‐a concentrations not exceeding 10 µg L‐1, lower than previous studies.
A slight increase of nutrients during late summer and early autumn in
Southampton Water during 2014, enhanced phytoplankton growth with a peak
in phytoplankton. During 2013, Christchurch Harbour was characterized by a
major spring bloom up to 44 µg L‐1. Seasonal changes of physical and chemical
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parameters in the two investigated estuaries provide optimum conditions for the
enhancement of phytoplankton blooming.
Phytoplankton community composition was examined by analysing pigment
signature with (HPLC) coupled with microscopic identification of dominant
phytoplankton species. High counts in Christchurch Harbour compared to
Southampton Water due to higher Chl‐a concentrations supported by nutrient
rich water. The rich‐nutrient surface water with moderate temperature during
the spring season triggered the onset of diatoms identified by the two methods
and dominated by Skeletonema sp., known to grow in salinities between 14 to 28
and temperature range of 5‐12 °C. Other dominant species included Thalassiosira
sp. and Chaetoceros sp. Despite dinoflagellates peaking during the July bloom,
dominated by Prorocentrum sp. and Scripsiella sp.; diatoms continued with high
numbers during summer indicating favourable conditions supporting their
growth. Among the three years of sampling, 2014 showed a late spring Chl‐a peak
(mid of May), with a dominant Chaetoceros sp. diatom. Additionally, a notable
peak of bloom was detected in late summer and early autumn (September)
indicating favourable environmental conditions of moderate temperature and
nutrient availability. Considering all the discussed limitation, coupling the two
methods successfully defined the dynamics of dominant groups of phytoplankton
communities.
The total bacterioplankton number estimated by DAPI and flow cytometry
showed an increase in number from moderate temperature in spring towards the
warmer summer season. The availability of organic matter resulting from
phytoplankton bloom and warmer temperatures, enhanced the metabolites
supporting the bacterioplankton growth. Christchurch Harbour had a higher
range of total bacterioplankton count when compared to Southampton Water.
The higher nutrients and Chl‐a concentrations measured at Christchurch
Harbour would support the higher abundances. The use DAPI stain as a sensitive
fluorescing DNA stain provided a confirmation of the total bacterioplankton in
natural samples. The DAPI‐DNA complex, which fluoresces a silver‐blue, could be
distinguished from the yellow fluorescence of non‐DNA material. The total
bacterioplankton count were overestimated by cytosense flow cytometry over
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DAPI staining during the spring and summer phytoplankton bloom periods,
likely due to some small phytoplankton species also stained by SYBR Green I.
Fluorescence in situ hybridization (FISH) method provided an insight to the
dynamics and succession of different planktonic bacteria in natural aquatic
environments on different taxonomic levels form domains to species. The
proteobacteria phylum is the dominant inhabitant in estuarine waters, varying
in relation to environmental parameters. Although Eubacteria were the highest
detected, reaching up to (94%), compared to low abundance of Euryarchaea in
the two estuaries, both showed significant correlation with different
environmental factors including temperature and salinity. The availability of
organic carbon produced by phytoplankton during bloom season affected the
total and dynamic of different proteobacteria groups. Some of the proteobacterial
classes showed significant correlation to the phytoplankton bloom as the main
source of organic carbon, considering other sources of organic carbon may
present in a highly dynamic estuarine waters. Salinity variability in the two
estuaries showed significant correlation mainly with Betaproteobacteria
abundances as they appeared the least abundant group in Southampton Water.
Nonetheless, these were dominant in Christchurch Harbour and reached up to
41%

as relative

abundances among

all

other

groups.

Alpha‐

and

Gammaproteobacteria were the most dominant in Southampton Water. Despite
the few investigated dates, SAR11 and Roseobacter sp. clades belonging to
Alphaproteobacteria group were correlated to environmental factors and
showed that SAR11 were the dominant in the corresponding class. The
monitored physical‐chemical parameters in the two estuaries showed variable
influences on the abundance different bacterial taxonomic ranks. Temperature
influenced the abundance of phylogenetic bacterial domains (Eubacteria and
Euryarchaea), whereas Chl‐a and salinity had influences on the abundance of
phylogenetic class levels (Gamma‐, Alpha‐, and Betaproteobacteria).
To conclude, estuarine environments are dynamic systems containing high
microbial diversity as a result of varying physical and chemical parameters
resulting from the mixing of fresh and sea water. Although planktonic bacteria
are known to be primary producers, using the dissolved organic carbon as
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primary source for energy and known as remineralizers and nutrients recycling
in euphotic zone, some of the investigated phyla and clades among the present
study showed no correlation between their abundances and Chl‐a
concentrations. The composition of planktonic bacterial community is a function
of the different physical and chemical environmental controls. Additionally, the
microbial community containing bacteria and phytoplankton community
composition reflects the type of the ecosystem in which the dynamics and
succession could be explained.
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Appendix A
Table A.1 Total microbial planktonic abundance estimated by cytosense and DAPI stain
(106 cells ml‐1) in Southampton Water (March‐November), 2013.
Sampling date

cytosense

DAPI

Sampling date

cytosense

DAPI

08 March

1.2

0.82

10 July

2.6

1.4

13 March

1.0

0.64

19 July

1.1

1.5

21 March

0.8

0.7

26 July

2.7

2.6

27 March

1.2

1.1

02 August

4.8

3.4

12 April

1.2

1.0

09 August

5.5

4.2

19 April

1.1

0.9

16 August

1.1

1.6

26 April

2.0

1.3

23 August

1.3

1.3

30 April

1.5

1.1

27 August

1.7

1.6

07 May

2.9

1.4

03 September

3.2

2.4

14 May

0.4

0.3

11 September

1.3

1.0

21 May

1.7

1.3

17 September

1.3

1.6

7 June

0.6

0.8

24 September

1.2

1.5

11 June

0.8

0.6

01October

1.5

1.1

19 June

3.2

2.2

9 October

1.5

1.1

26 June

3.0

1.6

17 October

1.8

1.4

03 July

2.3

1.4

23 October

1.9

1.4
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4 November

3.3

1.7

Table A.2 Total microbial planktonic abundance estimated by cytosense and DAPI stain
(106 cells ml‐1) in Christchurch Harbour (April‐November), 2013.
Sampling date
16 April
25 April
03 May
10 May
17May
23 May
31 May
06 June
20 June
28 June
04 July
10 July
17 July
23 July
31 July
6 August
14 August
20 August
3 September
11 September
16 September
24 September
1 October
11 October
16 October
24 October
30 October
4 November

Cytosense
4.0
3.2
3.7
3.4
3.6
1.8
2.9
4.2
3.6
2.4
2.8
4.9
3.0
4.1
2.9
4.6
4.7
3.1
3.9
2.9
2.9
3.3
3.7
2.5
3.2
2.9
2.4
1.9

DAPI
3.8
3.4
3.3
3.8
3.1
1.3
2.2
4.0
3.1
1.8
2.3
3.3
3.2
4.7
2.9
4.3
3.9
2.9
3.9
2.0
2.9
3.3
3.2
2.7
2.9
2.8
2.0
1.1
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