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Abstract

Abstract

Seagrass meadows are vital coastal habitats that support a wide array of species and
provide numerous ecosystem services. The area of seagrass meadow has declined
significantly, at a rate of about 5% per year, since 1980. Emerging techniques for
seagrass research has the potential to provide new insights to fill knowledge gaps and
improve our understanding of seagrass ecological function and ecosystem services.
This improved understanding will help us to inform policy makers about protection
measures. Using Posidonia oceanica dominated habitats as a case study, this thesis
assesses emerging techniques for mapping seagrass habitats, monitoring biodiversity
with seagrass habitats and assessing microplastic pollution loads within seagrass

sediments.

Kayak-borne down-scan sonar is shown to provide an accurate and cost-effective
method for mapping the distribution of seagrass meadows. Sonar-derived data
suggested current estimates of seagrass extent in the Aegean, based on analysis of
satellite imagery, may contain considerable inaccuracies particularly in areas of
complex bathymetry. It is suggested that kayak-borne sonar mapping can provide
accurate reference data for larger scale satellite mapping, delivering benefits in terms
of our ability to survey seagrass distribution and monitor temporal changes in extent

and health.

Environmental DNA is proven to be an effective tool for the non-invasive detection of,
Pinna nobilis, a culturally important yet Critically Endangered bivalve species
associated with P. oceanica habitats. The technique developed in this study is capable
of detecting concentrations of DNA as low as 5.50 x 10-19 ng pl! from sea water

samples. This technique can be used at different spatial scales dependent on the
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season, allowing eDNA to be a sensitive and precise tool in locating and identifying a

key species inhabiting seagrass meadows.

A fine-scale analysis of microplastic distribution within the sediment under a seagrass
meadow using recently developed Sediment Microplastic Isolation techniques,
indicated that seagrass did not influence the deposition of microplastics to sediment at
a semi-isolated bay. Microplastics were recovered at relatively low densities across the
entire study area. Analysis of sediment patterns suggested that most sediment input
was from terrestrial sources immediately adjacent to the seagrass bed and, therefore,
that seagrass beds that are closer to terrestrial sources of microplastic pollution are

likely to show much greater microplastic loadings.

It is concluded that, emerging techniques such as down-scan sonar, eDNA and
microplastic extraction can provide novel insights into the distribution and ecological
functioning of seagrass habitats. These insights provide avenues for the development

of existing monitoring methods and for conservation policies.

Page | iii



Acknowledgments

Acknowledgments

[ would like to thank everyone involved for their continued support, encouragement
and patience over the course of this PhD, without which, this PhD would not have been
possible. Firstly, [ would like to say a special thanks to my supervisory team Dr Mark
Steer, Dr Stephanie Sargeant, Dr Lyn Newton and Prof. Neil Willey. Particular thanks
goes to Mark and Steph who have offered much appreciated support and guidance
throughout, especially during the months of field work. You have pushed me to become

more comfortable in a laboratory than I ever thought possible.

A special mention must also be given to our collaborators at Archipelagos institute of
Marine Conservation. I would like to acknowledge and thank the director, Thodoris
Tsimpidis, and the scientific director Anastasia Miliou, for their support and facilitation
of field work. I would also like to thank the volunteers from Archipelagos, many of that
have helped with the field work and data collection that would not have been possible
alone. In particular I would like to thank Emma Ward for her shared love of seagrass,
unwavering support, teaching me how to kayak, despite the weather conditions and
for keeping me sane when island fever hit. Other volunteers without which this work
would not have been possible are, Harry, Amy, Camille, Ben, Abbie, and Clara. There
are many others who have helped but not been listed and I would like to thank you all.
[ would also like to thank the Microplastics research group at Plymouth Marine

Laboratory, particularly Dr Matt Cole, for their help and guidance.

To my friends, colleagues and fellow PhD students I would like to thank you for offering
invaluable advice, a friendly ear and support when it was needed most. I would like to
thank Lizzy, Liana, James and Josh for making our office a fun, supportive and

productive environment in which to work.

Page | iv



Acknowledgments

Lastly to my friends and family outside of UWE, I am eternally grateful for your
consistent and steadfast support. To my parents and Grandma for always believing in
me and pushing me to always do and achieve my best. To my sister, Jennifer, and
cousin, Kathyrn, who have always offered an understanding ear and to Jess who has

been there to offer me encouragement when [ needed it most.

Page | v



Table of Contents

Table of Contents

AUTHORS DECLARATION ...ucetiiiisssisssssssssssssssssssssssssssasssssssanssssssanssssssanssssssanssssssanssssssansssssssnssns I
ABS ST RACT ..ooiiccceiiiissssisssssssissssssssssssssssssssssssssssssssssssssssssssssssesssnssssssssss sessannssssssnnsssassnnssssssnnsssnssnnass II
ACKNOWLED GMENT S....ciiiiieetimissssissssssssmssssssssssssssssssssssssssssssssssssssssasssnssssssnnssssssnnsssassnnssssssnnes IV
TABLE OF CONTEN T S....iiiccetiiissssmsissssssssssssssssssnsssssssnsssssssnsssssssssssssssssssssssansssssssnssssssanssssssansnnss VI
LIST OF FIGURES......cettiiiestisisssssssssssssssssssssssssssssssssssssssssnssssassnsssssssnssssssssnsssassnnssssssnnsssnssnnsssnssnns X
LIST OF TABLES .....ccccettiissetisssssssissssssssssssssssssssssssssssnsssasssnssssssansssssssnssssssanssssssnnssssssansssnssanans XVII
LIST OF ABBREVIATIONS ...uecetiiissstmmssssssrsssnssssssssssssssansssssssnssssssanssssssanssssssanssssssanssssssanssnsss XIX
CHAPTER 1- INTRODUCTION AND LITERATURE REVIEW......ccccoiummmmmmmemsmsmssssssssssnnsns 1
1.1 THESIS OVERVIEW cueetiseiseresersessssessessssessesssssssesssssssesssssssesssssssesssssssesssssssesssssssesssssssesssssssesssnsssensansrns 1
1.2 SEAGRASS MEADOWS soutiueresersesessersessssessesssssssesssssssesssssssesssssssesssssssesssssssesssssssesssssssesssssssesssnsssensansrns 3
1.3 POSIDONIA OCEANICA .ttireerersereesessersesessessessssessessssesssssssessssssssssssssnsssssssnessssssnessesssnsssssssnessssssnessens 11
1.4 P. OCEANICA ECOSYSTEM SERVICES veetssersesersersesessersesessessessssesssssssesssssssesssssssessssssnessssssnessssssnessens 13
0 R 00 ) 0100 0 L) (o 1= U I 4 4 1<) o (<1 13
1.4.2 Refuge for protected SPECIES ... sesssesssssens 14
0 T OF 4 0703 B 1) - Yo 16

1.5 P. OCEANICA DISTRIBUTION ...cuttueetieeseesessersessssesesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssens 19
1.6 P. OCEANICA DECLINE AND THREATS .eerueereirteseississesssssessessssssssssssssssssessesssesssssssssssssssssessessessssssn 22
1.7 VALUE OF EMERGING TECHNIQUES ....eceseeerererereressssssesesesesesesessssssssssssessssssssssesssssssssssnsnsnssssssesens 24
1.8 AIMS AND SUMMARY OF THESISuicttsteeerseeserseesesssssssssessessessesssssssssssssssessesssesssssssssssssssssessessessssssns 26

SEAGRASS HABITATS.....ccommmmmmmmsmmsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssns 27
0 D120 0] 004 1 ) 27
2.1.1 Remote sensing methods for mapping SEAGIass ......ccwrrererrerreeressesressessensens 28
2.1.1.1 Satellite mapping Of SEAGIASS ...ccvvereereererreererreererreerersee e sesssssesssssesees 29

2.1.1.2  Acoustic mapping Of SEAGIASS....ccrurrrererrrererreererneerersessesssssesssssesssssesssssesssssessees 34

2.1.2  ChapPter AIINS . sssssss s sssss s sssssssssssssssssssssssnes 35

0 04 5 (00 36
2.2.1  STUAY ATCA..e it bbb 36
2.2.2 Mapping of P. 0ceanica MEAAOWS .........cccruureerernseresressesssssessesssssssssessssssssssssessssans 39

Page | vi



Table of Contents

P20/ G Y0) 0 U o 0T 0] 01 1 0V 39
2.2.2.2  Ground Truthing..... s 40
2.2.2.3 Interpolation of SONAr data....... s —— 41
2.2.3  Statistical ANalySiS....cr s 42
S T 2 20N 1) 43
2.3.1 Mapping EffOrt .. sssssssssenes 43
2.3.2 Sonar derived bathymetry of Study area ... 45
2.3.3 Accuracy of Presence/Absence data ... 48
2.3.3.1  Sonar derived data...... s sessssessses 48
2.3.3.2 Interpolated SONAar data ... ————— 51

2.3.4 Accuracy of down-scan sonar data in measuring measure canopy height. 54

2.3.4.1 Sonar derived classification data ... 54
2.3.4.2 Interpolated classification sonar data.........————— 58
2.3.5 Sonar derived maps of Lipsi ISland.......cccnnnnsssessssssessesnees 62
2.3.6 Comparison of Sonar and Satellite MaPS ... 64
S D ) 0100 (0] 70
2.4.1 Using Down imaging sonar for mapping SEagrass.........mesresssessesseens 70
2.4.2 Comparative accuracy of sonar and satellite mapping ........cocoveveeereereerseenenns 73
2.4.3 Cost and effort of kayak borne sonar mapping........cuemnenmensenseneeseessenneens 78

B T 00000 1] (0 79

CHAPTER 3 - ENVIRONMENTAL DNA IN SEAGRASS HABITATS: AN EMERGING

TOOL FOR ASSESSING SPECIES PRESENCE........ccommmmmmmsssssssssssssssssssssssssssaes 80
0 B 200 0100y (0 80
0 B o 10 T 00 10 ) 1L N 82
3.1.1.1  P. NODIliS €COI0OZY ..evueueereereererreeresresresrenressessesses e sessessessessessessessessessessesssssessssnes 82
3.1.1.2  P. nobilis TEPTOAUCTION ...cvveeririrresirerresiressessssessssssessssssses s sssssessssssssssssssssns 84
3.1.1.3  P. nobilis 8enetiC Variation .......corereerernesnessessessessessessessessessessessessessessesseses 85
3.1.1.4  P. n0Dbilis deCliNe......cririrerirerirsssss s snans 87
3.1.2 Marine Survey teChNIQUES ..o sssssessssssssenns 88
3.1.3 Environmental DNA ... snsesssssssssssssssssssssssssssssssssssssssssssssssssssses 91
3.1.4 Seagrass hydrodynamiCs ... sesessssssesssssssssssssssssssseens 93
3.1.5  Chapter ODJECLIVES ... ses s ssssssssssss s ssssssssssens 95
B 4 1 5 (0] 51 96

Page | vii



Table of Contents

3.2.1 Study Site and Identification of Focal Individual.......c.cccoummemnereneresneenesnens 96
3.2.2  eDNA SAMPLING .o 98
3.2.3  Sample Filtration ... ssssssssssssssssssssssssssssssssssssssssses 101
3.2.4 Design of Pinna nobilis qPCR primer and probe..........nn 102
TR ST D 120 25-qu = Vo 0 (0 ) o OO 104
3.2.6 Sequencing of PCR ampliCONS ....coormriminissisesssssssssssssssssssesssssssssesses 105
3.2.7 Quantitative PCR (qPCR) @analysis ... 106
3.2.8 Statistical analySis ... ————— 108
G 0 T 2SN 1) PP 109
3.3.1 Confirmed Amplification of Pinna nobilis DNA..........nrnsensenessensenesnens 109
3.3.2 Seasonal variation in P. nobilis deteCtion .........ccorrereereereereeresresnessessessessesnenns 114
3.3.3 Effect of Distance on eDNA detection ........rereneereenessesneenessessessessessessessenns 115
3.3.4 Effect of seagrass on eDNA detection........rerereneenenesneenesnesnesnessessessessesnenns 116
R D) 0110 (0] P 117
3.4.1 Development of a validated eDNA method for detecting P. nobilis........... 117
3.4.2 Determinants of P. nobilis eDNA detectability........coimnernincenninsessinennnns 118
3.4.3 eDNA in Seagrass COSYSTEIMS ... 122
20T 00) (01 L0 (0] 123

CHAPTER 4- EFFECTS OF SEAGRASS MEADOWS ON MICROPLASTIC DEPOSITION.

125
4.1 INTRODUCTION .cctirirerscrsersessssssssssssssessssessssesssssesssssesssssesssssessssessss s s s s sss s sessssesases 125
4.1.1 Seagrass modification of SEdIMEeNtS .......cccovrnerrrrerrrenerneenee s 125
4.1.2 Microplastics in marine enViroNmMents ... 129
4.1.3 Microplastics in SEAGrass SYSTEIMS. .....uuuerrreererrerrernessesssssessessesssssesssssesssssesssssessees 131
4.1.4 Chapter ODJECLIVES ..o essssessssssesssssses s sssssssssssssssssssans 133
4.2 EXPERIMENTAL DESIGN c.vuririiniininisnisnissssssssssssssssssssssss s sssssssssssssssssssssssssssssssssssssssssssssssnes 134
N N D T | o T 134
4.2.2  Sample COIIECION .o snsssas 135
4.2.3  Microplastics €XtraCtion....c.oeeeneenesssssessesesses s sssssssssssans 136
4.2.4 Microplastic identification ... 137
4.2.5 Particle Size analySiS.....oeereeseesssses s 137
4.2.6 Statistical AaNalySis ... 140
3 T 4 ] 1) I 1 141

Page | viii



Table of Contents

4.3.1 Seagrass eNVIrONIMENT. ... sssssns 141
4.3.2 Confirmed presence of MiCroplastiCs ... 144
4.3.3 Spatial Distribution of MicroplastiCs........eesesssens 147
4.3.4 Sediment COMPOSITION .. 148
4.3.5 Environmental determinants of microplastic distribution ..........ccccouuuneee. 151
T ) 0L 0T ()P 157
4.4.1 Microplastic presence and morphology......... 157
T 0] |4 00 1= Gl 07 011 160
4.4.3 Seagrass meadow CharacCteriStiCs. ... sessessesseees 162
4.4.4 Microplastic distribution and seagrass interactions..........couvreneseerereenes 164
4.4.5 Methodological CONSIAErations .......corereereereeresneenesseenesseeresses s sessessessessessesnes 168
T 010 (0B U] (0] 169
CHAPTER 5- FINAL DISCUSSION  ...ccoiisssssssssssssssssssssssssssssssssssssssssssssssssssssasasasasssssssss 171
5.1 FINAL DISCUSSION .ovutiitsissississsssssssssssssssssssssss bbb b bbb bbb s ssssssssssanss 171
5.1.1 Rapid low-cost seagrass mapping teChniques........ccoorerereererrerserressesressessenns 173
5.1.2 Use of Environmental DNA in seagrass eCOSYSteIMS ......ccuemmermernenssessenes 176
5.1.3 Microplastic pollution in coastal vegetation .........nneneeneneeseeseesesseeneen. 179
5.2 FINAL CONCLUSION ...cutueuisressessessessessessessessesssssessessessessesssssesssssesssssesssssssssssssssssssssssesssssessssssssses 182
5.3 KEY FINDINGS coueueureuresressessessessessessessessessessessesssssesssssessessesssssesssssesssssesssssesssssesssssesssssessssssssssssssses 182
5.4 RECOMMENDATIONS FOR FUTURE WORK.....ccvuumeurerirrinisnessssssssessesssssesssssesssssesssssssssssssssssessees 183
5.4.1 Remote sensing for Seagrass MaPPINg ....ccreermerrsesrerneessessesssessessesssesssssesseses 183
54.1.1 Combining down-scan sonar and satellite research methods........... 183
5.4.1.2 In depth testing of mapping across varied study sites ........ccccererreunee. 184
5.4.1.3 Accuracy of mapping various SPECIES.......ccueerrerresressesressessessessessessessens 184
5.4.2 Development of eDNA for Key SpPeCies......c.courrrrerneneneereenesneenesnessessessessessesseens 186
5.4.3 Further understanding of DNA dispersal in seagrass meadows................ 187
5.4.4 Microplastic loading of Lipsi ISIand........ccnnnenenncneneseseseesesseesesseenenne 190
5.4.5 Holistic approach to microplastics in seagrass ecosystems..........c.ccoereeeen. 190
5.4.6 Seagrasses as pathogen control SPECIES ... 191
REFERENCES.......ccciisimnmmsmssssssssssssssssssssssssssssss s sessssss s ssssssasasasasasasasasasassssenes 193
APPENDIX I: PUBLICATIONS.....cccicmmsmsssmssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnens 226

Page | ix



List of Figures

List of Figures

Figure 1.1 Example of a shallow seagrass meadow in Greece, species: Posidonia

0CEANICA. (AULNOI'S OWIL....iiiitiie ittt ettt e e e re e e e e e sre e sre e nreeenresens 3

Figure 1.2 Global seagrass distribution shown as blue points and polygons (data from
2005 UNEP-WCMC) and geographic bioregions: 1. Temperate North Atlantic, 2.
Tropical Atlantic, 3. Mediterranean, 4. Temperate North Pacific, 5. Tropical Indo-

Pacific, 6. Temperate Southern Oceans (from Short et al. 2007) ......cccceevverervceiiniieinnsenennns 4

Figure 1.3 Example of seagrass rhizome (outlined in black), from the species Posidonia

oceanica. (IMage: © de MOTAES) .....cccueruerreirieeceiree e ee e e e seeasr e see e enes e e e e se e e sraees 6

Figure 1.4 Schematic of the mechanics of seagrass enhancing sedimentation due as a

result of water column obstruction. (AUthOrs OWN) .......ccoerivierivee s 7
Figure 1.5 Anchor scar in P. oceanica (AuthOrs OWN).......ccooceiiieerin e e 10

Figure 1.6 Example of dense P. oceanica meadow in the Aegean Sea. (Authors

Figure 1.7 Example of Posidonia oceanica fragment showing a) orthotropic growth

(Image: © de Moraes) and b) plagiotropic growth (image: Ward

Figure 1.8. Juvenile Pinna nobilis sheltered by a P. oceanica meadow. Individual is

approx. 16cm in width as widest point. (Authors OWn)........c.cccviviceinieiin e e 15

Figure 1.9. Extent of confirmed P. oceanica presence (green) and absence (grey) in the

E. Mediterranean. Orange indicates coastline with no survey data (from Telesca et al



List of Figures

Figure 2.1 Location of Samos and LiPSi.....cc.cceceririeiienieiien e s 38

Figure 2.2 Left: Example of sonar data that showed high level of scatter (outlined with
black square). These areas were removed to maintain the quality of the data for further
processing. Right: area of “clean” sonar data with seagrass outlined in black circles.

Sonar data was viewed using Reef Master (version 1.8).......c.cccevevvriininiiennnnns 40

Figure 2.3 Maps of the region covered by sonar in Lipsi a) and Samos b). The location

of Mesokmapos Bay is outlined in black in the inserted map of Samos.........c..ccccvevveenae 44

Figure 2.4 Bathymetry depth profiles for Lipsi a) and mapped regions in Samos b).
Each contour represents a 10m depth change, starting with the palest blue for 0-10m

2N o Le o o Y<le b= Ul SRy o 0] G L0 )10 Bo 1) o o W 46

Figure 2.5 Maps of sonar track data and observed presence/ absence. Sonar derived
presence absence is shown using the coloured grid, green squares signify seagrass
presence, no colour, shows absence. Ground truthed data is depicted by the crosses for

seagrass absence and the circles for seagrass preSence..........ccoeeeveereesseere s seeseee e 50

Figure 2.6 Maps of interpolated sonar data and observed presence/ absence. Sonar
derived presence absence is shown using green to signify seagrass presence, no colour,
shows absence. Observed data is depicted by the crosses for seagrass absence and the

Circles fOr SEAGIaSS PIESEIICE ......uuiiiireiiecieeeteeee e et re e e s e seeesn e e e enessneeeneneans 53

Figure 2.7 Maps of sonar track data and observed presence/ absence. Sonar derived
seagrass is shown using the coloured grid, green squares of various shades represent
estimated canopy heights. Observed data is depicted by the crosses for seagrass

absence and the circles for various shades for seagrass canopy height..................... 57

Page | xi



List of Figures

Figure 2.8 Maps of interpolated sonar data and observed seagrass estimated canopy
height. Sonar derived seagrass is shown using various shades of green to represent
estimated canopy heights. Observed data is depicted by the crosses for seagrass

absence and the circles for various shades for seagrass canopy height..................... 61

Figure 2.9 Sonar derived seagrass presence around the island of Lipsi. Seagrass

presence was defined in this case as any vegetation over 10cm in height................... 63

Figure 2.10 Maps showing satellite predicted seagrass from Topouzelis et al. (2018)
and observed seagrass presence and absence data at test sites in Lipsi and Samos.
Observed presence is denoted by hollow circles, while observed absence by crosses.

Satellite presence is outlined iN Grey .. smsssmssssans s s s s s s snssssssnsssn e s 06

Figure 2.11 Comparison of satellite derived seagrass maps and sonar derived in Lipsi
and Samos. Satellite presence is outlined in grey overlaid on the sonar derived

presence (dark green) and absence (N0 COlOUT) .......ooiiiriirieiriie e e 69

Figure 2.12 Comparison of sonar estimated seagrass presence (green outline) and
satellite estimated (blue outline) against freely available satellite imagery in Google

|2 g o 1 30 4 o TR TTRTTTRRTR 76

Figure 3.1 Deceased adult Pinna nobilis on edge of P. oceanica meadow in Samos,

Greece. (AUTNOTS OWIL) ... oot e e e e e e e e s e e s e sre e en e sne e ennes e 82

Figure 3.2 Pinna nobilis, population density (individuals per 100 m?2) along a depth

gradient (from Basso €t al. 2015) ..ot e e s 83

Figure 3.3 COI dataset: Bayesian cluster distribution. Frequency distribution of the
four groups of haplotypes P1, P2, P3, and P4, for Pinna nobilis as evidenced by Bayesian

analysis over the Mediterranean map (Sanna et al. 2013).......ccoceevieiieiriircreees e 85
Page | xii



List of Figures

Figure 3.4 Location of sample sites used in the Katsares et al. 2008 study on genetic

diversity of P. nobilis in the Aegean region (Katsares et al. 2008)..........cccecveeverrereennns 86

Figure 3.5 Shell morphology of Pinna rudis (top) and Pinna nobilis (bottom). Image

from (Cosentino & Giacobbe, 2006).........cceevrreiriicieiniin e e e 90

Figure 3.6 Cymodocea nodosa meadow (inset) extending from the boundary of
Posidonia oceanica meadow showing difference in physiology in Lipsi, Greece.

(AULNOI'S OWI) e iiiis ittt et et s et e e sae e sre e b e sae e sre e nae e san e enn e ean e ean s 92

Figure 3.7 Location of Vroulia Bay on Lipsi. Vroulia is outlined with a black square, and

the location of the survey within the bay is indicated by the black dot......................... 96

Figure 3.8 Aerial image of Vroulia Bay taken from the mouth of the bay looking back
toward shore, demonstrating no urbanisation to the area, limited access route and

sheltered nature of the bay. Image © Villemange 2017, reproduced with permission.97

Figure 3.9 P. nobilis individual surveyed with the three transects (20-25m) radiating

out (B. QUINTAna 2018 ....uiiiiiicieisir et e e e e e e e nr e e nr e e nn s 98

Figure 3.10 Study area showing the locations of P. nobilis in the sampling area
observed through snorkel surveys. Black squares represent living adult P. nobilis; black
crosses represent dead P. nobilis; the black circle represents suspected juvenile P.
nobilis. The P. nobilis individual used as a point source for this study is at the
convergence point of all three transects. Spawning season sampling points are shown
in red. Non-spawning season sampled at the same points with an added sampling point

shown in blue to test for the influence of the second P. nobilis individual...................... 99

Figure 3.11 Amplification plot of standards used in qPCR analysis. Seven standards

were used staring at 0.01ng pl! (far left amplification) and descending in a 1 in 10
Page | xiii



List of Figures

serial dilution to a lowest concentration of 1x 10-8 ng pl-1 (far right amplification). The

threshold is depicted by a green line..........ccoer e 106

Figure 3.12 Heat maps showing the total positive amplifications in qPCR at each

sampling point from a) Spawning season and b) non-spawning season..................... 109

Figure 3.13 The total number of positive amplifications from the qPCR analysis of P.

nobilis eDNA in Spawning and non-Spawning SEASOMN.......c.ccceruerrreerereeeesseserseesseeenns 113

Figure 3.14 The probability of detection in spawning (red) and non-spawning (blue)
against distance from the focal Pinna nobilis individual that was assumed to be the sole

source of eDNA in this SYStemM ......ccuiiiiii i e 114

Figure 3.15 Visualisation of model of probability of detection in spawning (red) and

non-spawning (blue) against seagrass blade length...........ccooiiiiin i 115

Figure 4.1 Location of Lipsi in the Aegean Sea and the sampling site, Elena Bay, on

Figure 4.2 The relationship between a) seagrass shoot density and percentage cover

of seagrass and b) percentage cover of seagrass and average blade length (cm)......... 141

Figure 4.3 Scatter plot showing percentage (%) cover seagrass against median particle

Figure 4.4 Scatter plot showing percentage (%) cover seagrass against sorting

(ol0Td ¥ Cor L) s ol (e RSP 143

Figure 4.5 Stereo microscope images of suspected microplastic in sediment samples

from Elena Bay, Lipsi. A: a blue fragment at x20 magnification, B: Red fibre at x20

Page | xiv



List of Figures

magnification, C: A blue fragment at x20 magnification. All microplastics are indicated

by a black arrow marking their location..........ccccueiii e 144

Figure 4.6 Distribution of microplastics in the area surveyed. Seagrass meadows are
outlined in black. Colours represent the number of microplastics per 50g. Specific

sampling points are shown by dots crossing the seagrass meadow into bare sand..146

Figure 4.7 Spatial representation of the sorting coefficient (o) across the survey area.
Seagrass meadows are outlined in black and blue represents areas of low o, value
while red represents areas of higher oy . Specific sampling points are shown by dots
crossing the seagrass meadow into bare sand. The brown shaded area represents the

LoT0 T 11 o ) 1o L= P 148

Figure 4.8 Percentage contribution of a) clay and b) Silt sediments fractions across the
survey area. Seagrass meadows are outlined in black and the brown shaded area

represents the COaStlNE. ... e 149

Figure 4.9 Relationships between principle components 1 and 2 and seagrass cover.

Data points from within the seagrass meadow area are shown in blue and non-meadow

Figure 4.10 Eigenvalues and direction of relationship between all variables entered
into the PCA and the resulting Principle components. Data points from within the

seagrass meadow area are shown in blue and non-meadow in red..........ccceccerrernen. 152

Figure 4.11 Relationships of SediPC1 (a) and SediPC2 (b) with total microplastics.
SediPC1 is associated with an increasing percentage of coarse sand and decreasing

percentages of the smaller fractions (phi > 2) and a lower sorting coefficient (more

Page | xv



List of Figures

sorted sediments). Increasing values of SediPC2 are associated with increasing

percentage of large fractions and decreasing percentage of fine sand............ccccce v 153

Figure 4.12 Relationships between total microplastic loading per sample and a)
percentage (%) clay, b) % silt, ¢) % coarse silt, d) % very fine sand, e) % fine sand and

£) SOTting COEffICIENT G cuvveeeeeieiee et e e e e e e e 154

Figure 4.13 Relationships between total microplastic loading and seagrass cover. High

seagrass cover was defined as OVer 40%0.......o——— 155

Figure 4.14 Satellite image of Elena bay with ephemeral river highlighted in Blue and

the seagrass meadow studied outlined by a black box. (Image: Google Earth pro).....167

Page | xvi



List of Tables

List of Tables

Table 2.1 Confusion matrices for Lipsi and Samos of observed P. oceanica data against

(Y 0) 0 T= Dl 0 o= Vol SQe b U= 0 oo Y=o 1 ) o 48

Table 2.2 Results of confusion matrices for Lipsi and Samos of observed P. oceanica

data against sonar interpolated P. 0C€aNICA...........ccovoveveiriiiin i 51

Table 2.3 Results of confusion matrices for Lipsi of observed P. oceanica data against
directly sonar derived P. oceanica. Highlighted in grey are cells in which sonar

estimation agreed with the observed canopy height..........cccooiiii 54

Table 2.4 Results of confusion matrices for Samos of observed P. oceanica data against
directly sonar derived P. oceanica. Highlighted in grey are cells in which sonar

estimation agreed with the observed canopy height..........ccooiiiii i 55

Table 2.5. Results of confusion matrices for Lipsi of observed P. oceanica data against
sonar interpolated P. oceanica. Highlighted in grey are cells in which sonar estimation

agreed with the observed canopy height.........cccoouiiiiiiiii 59

Table 2.6. Results of confusion matrices for Samos of observed P. oceanica data against
sonar interpolated P. oceanica. Highlighted in grey are cells in which sonar estimation

agreed with the observed canopy height..........coooiiii e 59

Table 2.7 Results of confusion matrices for Lipsi and Samos of observed P. oceanica

data against satellite mapped P. 0CeANICA...........cccocverueiieiriieece et e 64

Table 3.1 Details of primer and probe sequences for Pinna nobilis, PnobCO1F is the

forward primer and PnobCO1R is the reverse primer. The primers and probe amplify

Page | xvii



List of Tables

a 150bp fragment of the mitochondrial cytochrome c oxidase subunit 1 (CO1)

Table 3.2 Summary of qPCR analysis for P. nobilis eDNA including distance from point
source, average blade length, the Ct value, total positive amplifications during qPCR
and eDNA concentration (ng ul-l). Blade length is the average blade length of P.
oceanica seagrass at each sampling point in cm. samples that were sequenced are
indicated by * for ones that were unsuccessful and ** those that sequenced

SUCCESSTULLY .ottt e s 110

Table 4.1 Level of sorting classified in to categories according to o, values (Folk, 1974,

cited by Blair & McPherson, 1999).......ccccuiiiir i e e e 138

Table 4.2 Summary of plastic types recovered as microplastic fragments (total 68)
from sediment samples in Lipsi, Greece. All microplastics were confirmed as plastic
using FT-IR and AT-IR. Microplastics with a spectral match of 70% or greater and those
considered to have reliable spectral matches during visual inspection were accepted.

Densities taken from Omnexus (2020).......ooiceuiriiieniieien e ssres e e 145

Table 4.2 Overall percentage composition of fractions within the small fractions (less

than 0 Grain SIZE) ......cciiiiiiiiie et e e e e 147

Table 4.4 Summary of eigenvectors and percentage contributions to of each variable

to the two principle components retrieved from the PCA.........ccccoevniiinin i 151

Page | xviii



List of Abbreviations

List of Abbreviations

Abbreviation
ATRIR
CI
eDNA
FT IR
GLM
GLMM
GSI
HSI
MP/s
PC
PCA
PCR
PE
PEST
PP
PVC
gqPCR
SE
SMI
SST

NGO

Definition

Attenuated total reflectance
Confidence interval
Environmental DNA

Fourier transform infrared
General linear model
Generalised linear mixed model
Gonadosomatic index
Hepatosomatic index
Microplastic/s

Principle component

Principle component analysis
Polymerase chain reaction
Polyethylene

Polyester

Polypropylene

Polyvinyl chloride

Quantitative polymerase chain reaction
Standard error

Sediment microplastics isolation unit
Sea Surface Temperature

Non - Governmental Organisation

Page | xix






Chapter 1: Introduction and Literature Review

Chapter 1

Introduction and Literature Review

1.1 THESIS OVERVIEW

Marine ecosystems provide an estimated 63% of global value of ecosystem services -
the supply of benefits from ecosystems to society (Chan et al. 2006) - ($20.9 trillion yr-
1), with most of marine contribution coming from coastal systems ($10.9 trillion yr1)
(Costanza et al. 1997). Many coastal habitats, however, have been lost completely due
to human pressures, primarily via direct removal or degradation and eventual loss
(Crain et al. 2009). Seagrass meadows are among these key coastal habitats, having
once supported considerable biomass of megafauna such as large sirenians (e.g.
dugongs and manatees) and turtles, as well as a large array of fishes and invertebrates
(Jackson et al. 2001). Other ecosystem services provided by seagrass meadows include
nutrient cycling (Orth et al. 2006), sediment stabilisation (Waycott et al. 2009), coastal
protection (Mtwana Nordlund et al. 2016) and fixing of oceanic carbon (Duarte, 2005).
Since the middle of the 19th century mass mortality of seagrass due to anthropogenic
stressors has become increasingly common and widespread (Kirkman, 1978; Jackson
et al. 2001; Waycott et al. 2009). Difficulties in the collection of marine environmental
and biological data has resulted in inadequate knowledge of biological diversity for
many species and regions (Ward, et al. 1999). It is therefore fundamental to increase
the capacity and knowledge of survey methods used in these habitats to improve the

knowledge of their importance and to inform policy decisions.
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