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Abstract
Seagrasses of southern Western Australia grow in coastal waters exposed to
varying degrees of physical exposure from oceanic swell waves and waves created by
strong seasonal wind patterns. Seagrass species have preferred niches within these
exposures; however knowledge as to how a continuum of exposure effects seagrass
distributions and landscape patterns is limited. This thesis examined long term and
seasonal variability occurring in a seagrass landscape along a gradient of wave
exposure on the North Sands platform, Warnbro Sound, Western Australia.

Long term changes to the seagrass landscape were investigated over a 49
year time period. Seagrass areal extent was mapped from aerial photographs and
compared through the years. Over the period, 1953 to 2002, there was a 27 % loss
of seagrass; from 273 ha in 1953 to 200 ha in 2002. Loss was separated into two
causes anthropogenic (boat mooring/propeller scars) and natural.

Boat

mooring/propeller scars accounted for only 2 %. The development of a large sand
bar, growing from 27 ha to 89 ha, accounted for 66 % of the loss. Historical records
show a similar large-scale sediment event occurring in Warnbro Sound 170 years
ago.

Increased fragmentation of offshore seagrass meadows through time

accounted for the remaining 32 %.

To confirm the gradient in exposure, several methods incorporating the
effects of time and space were used to characterise water flow. Wind effects were
characterised into exposure indices, significant wave heights, bottom flow velocities
and surface flows were modelled and in situ flow velocity was measured. Modelling
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and in-situ measurement of flow velocities showed the shape, bathymetry and
topography of Warnbro Sound coupled with seasonal wind patterns, contributed to
complex flow circulations within the bay. All flow velocities modelled and measured
showed a reduction in flow shorewards. Modelled flows were highest during winter
storms whereas wind effects were greatest in summer; due to the consistent and
strong summer sea breezes. A comparison of two transects along this flow gradient
revealed differences between them.

Sediment grain size analyses were used to indicate longer term flow
characteristics along the gradient of flow. Sediment profiles were coarser in the
offshore exposed sites and finer in the inshore sheltered sites, but there was some
modification by the seagrass. A comparison of sediment profiles between two
transects along the gradient of flow showed differences. There was also a seasonal
influence.

Seagrass landscapes were investigated along the gradient.

Aerial

photographs showed a progressive increase in fragmentation of seagrass meadows
from inshore to offshore. Two transects were used, each with five different seagrass
landscapes progressing from solid through to fragmented. The two transects could
be separated into three zones each. The middle zones were similar in landscape but
differed in seagrass species. The inshore and offshore zones were the same, both in
species and landscape. Distribution of seagrass species along the two transects was
correlated to the flows measured over the transects. There was a relationship
between seagrass distribution for the whole platform and wave exposure.
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Amphibolis spp. occurred in the offshore region that had high flow velocities.
Posidonia spp. occurred in the nearshore region that had low flow velocities.

Distribution of seagrass species and fragmentation patterns were strongly
correlated with wave exposure gradients. A strong correlation (r2 = 0.8) existed in
winter between seagrass species (density and landscape) and environmental factors
associated with exposure. Despite the strong winds in summer these had minimal
effect on the seagrasses (low correlation). Winter flow conditions are therefore the
driver of patterns in species distribution and fragmentation seen in the seagrass
landscape of Warnbro Sound.

5

Acknowledgements
I would like to express my sincerest gratitude to the following people for their
invaluable assistance during this project:
My two supervisors, Dr Mike van Keulen and Dr Marion Cambridge, whom I
admire enormously. Their excitement about this project was inspiring, as was their
knowledge of all things seagrass. I consider myself exceptionally lucky to have
studied and formed lasting friendships with them.
Dr Jennifer Verduin for helping me grapple with the mechanics of that
wonderful fluid medium that seagrasses inhabit.

Not to mention providing

invaluable feedback on chapter drafts.
Dr Halina Kobryn for reviewing the GIS chapter and providing guidance for
methodologies therein. Dr Grey Coupland and Lotte Horn for reviewing the seagrass
chapter. Dr Karen Holmes for helping with the radlines extension program.
Professor Jan Backhaus and Ben Hollings for providing me with outputs from
their hydrodynamic models and invaluable discussions about the same.
To my reliable crew who would happily come out for a day on the boat: Jason
Webb, Warren Chisholm and Michael Taylor. The biggest thankyou is to Lotte Horn,
for being a true boats-woman, great dive buddy and for making fieldwork just bloody
good fun!
Finally to my family and friends your love and support over these last few
years is all that anyone can ask. Thank you for understanding when the PhD took
precedence and for just hanging in there. It’s been an extraordinary journey and I
feel blessed to have you all to share the final product with.
Mum (1928 – 2010) thank you for everything. I know I wouldn’t have got to
this stage without all your care and love, and Chris you hung in there with me – well
done!
Final mentions must go to my father Gerard Aloysius Bridgwood (1919 to
2004) and my dear friend Nigel Willan Green (1962 to 2006). Unfortunately they
were unable to see the final product but I know they would be proud.

6

Table of Contents
Seagrass landscapes along a wave gradient .................................................................. 1
Candidates Declaration ................................................................................................. 2
Abstract .......................................................................................................................... 3
Acknowledgements ........................................................................................................ 6
1
General Introduction ........................................................................................ 14
1.1 Seagrass landscapes and their role ............................................................... 14
1.2 Disturbance and the seagrass landscape ...................................................... 16
1.3 Seagrasses, water flow and meadow patterns ............................................. 18
1.4 Seagrasses, water flow and sedimentation................................................... 19
1.5 Seagrass landscapes of south-Western Australia ......................................... 25
1.6 Aims ............................................................................................................... 25
2
Quantifying temporal changes in seagrass meadow areal extent of the North
Sands Platform, Warnbro Sound ...................................................................... 30
2.1 Introduction ................................................................................................... 30
2.2 Methods ........................................................................................................ 33
2.2.1 Study site ................................................................................................ 33
2.2.2 Data gathering ....................................................................................... 36
2.2.3 Data development .................................................................................. 38
2.2.4 Data analysis .......................................................................................... 39
2.2.5 Accuracy assessment.............................................................................. 41
2.3 Results ........................................................................................................... 43
2.3.1 Seagrass areal extent ............................................................................. 43
2.3.2 Sand bar development ........................................................................... 45
2.3.3 Mooring/propeller scars......................................................................... 48
2.4 Discussion ...................................................................................................... 50
3
Species distribution and fragmentation in seagrass meadows of the North
Sands Platform ................................................................................................. 55
3.1 Introduction ................................................................................................... 55
3.2 Methods ........................................................................................................ 58
3.2.1 Coastal setting........................................................................................ 59
3.2.2 Site description ....................................................................................... 61
3.2.3 Summer and winter wind regimes ......................................................... 63
3.2.4 Indirect measures of flow dynamics ....................................................... 64
3.2.5 Seagrass species distribution and meadow continuity .......................... 65
3.3 Results ........................................................................................................... 66
3.3.1 Summer and winter wind patterns ........................................................ 66
3.3.2 Analysis of flow and wave models ......................................................... 68
3.3.3 Seagrass species distribution and meadow continuity .......................... 80
3.4 Discussion ...................................................................................................... 84
4
Linking local-scale measures of physical exposure and seagrass canopy
properties ......................................................................................................... 89
4.1 Introduction ................................................................................................... 89
4.2 Methods ........................................................................................................ 92
4.2.1 Study site ................................................................................................ 92
4.2.2 Measures of physical exposure .............................................................. 93

7

4.2.3 Seagrass properties ................................................................................ 99
4.3 Results ......................................................................................................... 102
4.3.1 Measures of physical exposure ............................................................ 102
4.3.2 Seagrass properties .............................................................................. 110
4.3.3 Braun-Blanquet .................................................................................... 111
4.3.4 Canopy compression Ratio (CRi) ........................................................... 111
4.4 Discussion .................................................................................................... 116
5
Sedimentary properties of seagrass meadows along a wave gradient: a smallscale perspective ............................................................................................ 126
5.1 Introduction ................................................................................................. 126
5.2 Methods ...................................................................................................... 129
5.2.1 Study site .............................................................................................. 129
5.2.2 Sediment grain size .............................................................................. 129
5.3 Results ......................................................................................................... 131
5.3.1 Within transect comparison of mean phi grain size ............................ 134
5.3.2 Between transect comparison of mean phi grain size ......................... 138
5.3.3 Sediment mean phi and seagrass density ............................................ 138
5.4 Discussion .................................................................................................... 139
6
The whole picture ........................................................................................... 148
6.1 Introduction ................................................................................................. 148
6.2 Methods ...................................................................................................... 151
6.2.1 Multivariate analysis ............................................................................ 151
6.3 Results ......................................................................................................... 153
6.3.1 MDS ordination and BIOENV ................................................................ 153
6.4 Discussion .................................................................................................... 158
7
Conclusions and Recommendations ............................................................... 159
8
References ...................................................................................................... 163
Appendix 1 .................................................................................................................. 180
Appendix 2 .................................................................................................................. 188

8

Figures
Figure 2.1: Location of Warnbro Sound and offshore ridge systems. Adapted from
Searle and Semeniuk (1985). ............................................................................... 34
Figure 2.2: 1837 Surveys of Warnbro Sound (upper image) and inset of Peel Harbour
enlarged (lower image) by the Surveyor General J. S. Roe. Adapted from
Hollings (2004). .................................................................................................... 35
Figure 2.3: Study area used for the image processing work on the North Sands
Platform, Warnbro Sound, shown on a 2002 aerial photograph. ....................... 36
Figure 2.4: MAXLIKE image showing the areal extent of seagrass, sand, terrestrial
and other in the study area.................................................................................. 44
Figure 2.5: The change in seagrass area (ha) for the periods between aerial
photographs showing the observed change (black bar) and predicted change
(grey bar) with loss as negative values and gain as positive values. ................... 44
Figure 2.6: Crosstabulation image of 1989 and 1995 converted to a change and no
change image. Note red indicates where seagrass was lost during the six years
between 1989 and 1995. The inset is Figure 2.3 in grey-scale showing image
location................................................................................................................. 45
Figure 2.7: The areal increase (ha) in the sand bar for the different periods between
aerial photographs, showing the observed increase (black bar) and predicted
increase (grey bar). .............................................................................................. 46
Figure 2.8: Crosstabulation image comparing the sand bar polygons of 1995 and
2002...................................................................................................................... 47
Figure 2.9: The digitised sand bar polygons showing the observed size and direction
of growth for 1953, 1963, 1989, 1995 and 2002. The background image is the
2002 aerial photograph in grey-scale. Inset is Figure 2.3 in grey-scale showing
location of the image. .......................................................................................... 47
Figure 2.10: Increase in area (ha) of the mooring/propeller scars, showing the
observed (black bar) and predicted (grey bar) rate. ............................................ 48
Figure 2.11: Crosstabulation image showing the changes in mooring/propeller scars
between 1989 and 2002 superimposed on the 1989 shoreline. The black square
inset indicates mooring scars that were present in 1989 but smothered by the
sand bar in 2002. The grey-scale inset image (2002) shows the locations of the
mooring/propeller scars. ..................................................................................... 49
Figure 3.1: Diagrams of the growth habits of (A) Amphibolis griffithii and (B)
Amphibolis antarctica. (Source: Phillips and Meñez, 1988). .............................. 57
Figure 3.2: Diagram of the growth habits of (A) Posidonia australis and (B) Posidonia
sinuosa. (Source: Phillips and Meñez, 1988)....................................................... 58
Figure 3.3: Composite aerial photo showing location and bathymetric features of
Warnbro Sound (adapted from Hollings 2004).................................................... 62
Figure 3.4: Surface water conditions during sampling on a calm autumn day over the
North Sands Platform, approximately 1 km offshore. (Photo: L. Horn) .............. 67
Figure 3.5: Stormy winter day looking out over the North Sands Platform from the
shoreline. Note the build up of seagrass wrack in the shallows and on the
beach. (Photo: L. Horn) ........................................................................................ 67

9

Figure 3.6: Percentage of time all winds blew in each of the 16 directions in A)
summer and B) winter, and exceedance winds in C) summer and D) winter for
the three years from November 2001 to October 2004...................................... 68
Figure 3.7: Surface flow modelling (velocities in cm s-1) showing flow directions for a
northerly wind of 8 m s-1 in Warnbro Sound. Flow directions are superimposed
over a bathymetry map with 2 m depth intervals. .............................................. 70
Figure 3.8: Surface flow modelling (velocities in cm s-1) showing flow directions for a
north-westerly wind of 8 m s-1 in Warnbro Sound. Flow directions are
superimposed over a bathymetry map with 2 m depth intervals. ...................... 71
Figure 3.9: Surface flow modelling (velocities in cm s-1) showing flow directions for a
Westerly wind of 8 m s-1 in Warnbro Sound. Flow directions are superimposed
over a bathymetry map with 2 m depth intervals. .............................................. 72
Figure 3.10: Surface flow modelling (velocities in cm s-1) showing flow directions for
a south-westerly wind of 8 m s-1 in Warnbro Sound. Flow directions are
superimposed over a bathymetry map with 2 m depth intervals. ...................... 73
Figure 3.11: Surface flow modelling (velocities in cm s-1) showing flow directions for
a south-south-westerly wind of 8 m s-1 in Warnbro Sound. Flow directions are
superimposed over a bathymetry map with 2 m depth intervals. ...................... 74
Figure 3.12: SWAN model for a north-westerly storm in 2003 showing Hs (m s-1).
Inshore and offshore wave directions are indicated by arrows. See Table 3.1 for
model input details. The study area is shown within the square inset. ............. 76
Figure 3.13: SWAN model for a southerly sea breeze showing Hs (m s-1). Inshore and
offshore wave directions are indicated by arrows. See Table 3.1 for model input
details. The study area is shown within the square inset. .................................. 77
Figure 3.14: SWAN model for a North-westerly storm in 2003 showing Ubot (m s-1).
The study area is shown within the square inset. See Table 3.1 for model input
details. .................................................................................................................. 78
Figure 3.15: SWAN model for a southerly sea breeze showing Ubot (m s-1). The study
area is shown within the square inset. See Table 3.1 for model input details ... 79
Figure 3.16: Map of the distribution of seagrass species on the North Sands
platform. Background image is the 2002 aerial photograph in grey scale. ........ 82
Figure 3.17: Distribution of seagrass genus against mean (±
± SE) bottom velocities
(Ubot) for the 2003 North-westerly storm and Sea breeze. n = 199. ................... 83
Figure 3.18: Distribution of seagrass genus against mean (±
± SE) significant wave
height (Hs) for the 2003 North-westerly storm and Sea breeze. n = 199. ........... 83
Figure 4.1: Aerial photograph of the study area on the North Sands platform
showing the two transects North (red circles) and South (yellow triangles) and
the six study sites along each. Refer to Table 4.1 for site details. ...................... 95
Figure 4.2: PCA of the mean REI, with the main wind directions for the summer sea
breeze (SW and SSW) and winter storms (N, NW and W) superimposed using a
Spearman correlation. ....................................................................................... 103
Figure 4.3: The REI in summer and winter for both transects (mean ± SE, n = 2304):
North solid line and South dashed line, for the three years from November 2001
to October 2004. ................................................................................................ 104
Figure 4.4: nMDS plot of the mean REI for the study sites showing a gradient from
offshore to inshore. Minimum stress level 0.07 occurred 49 times out of 50
runs..................................................................................................................... 105

10

Figure 4.5: The exceedance REI (± SE, n = 456) in summer and winter for both
transects: North solid line and South dashed line, for the three years from
November 2001 to October 2004. ..................................................................... 106
Figure 4.6: Mean flow velocity (±SE, n = 66), flowmeter 150 cm above the seabed for
the study sites along the North transect (solid line) and South transect (dashed
line)..................................................................................................................... 108
Figure 4.7: The interpolated significant wave height (Hs in cm) and RMS of the orbital
motion near the bottom (Ubot in cm s-1) modelled for real weather events for
the six sites along the North and South transects. ............................................ 109
Figure 4.8: The Braun-Blanquet densities (Di) compared to the canopy compression
ratio (CRi) for the five seagrass sites along the two transects in summer and
winter. ‘0’ indicates no canopy compression and ‘1’ indicates the seagrass
canopy was fully compressed. ........................................................................... 114
Figure 4.9: The canopy compression ratio (CRi) compared to the interpolated mean
orbital velocity near the seabed velocities (Ubot in cm s-1) modelled for the 2003
NW winter storm and 2003 summer sea breeze for the five seagrass sites along
the two transects. .............................................................................................. 115
Figure 5.1: Seasonally combined grain size (mm) profiles for the six sites along the
North transect (solid line) and South transect (dashed line). Values are given as
mean percentages (%) (± SE, n = 120). When seagrass is present at the sites, the
genus is indicated as P for Posidonia spp. and A for Amphibolis spp. ............... 133
Figure 5.2: Seasonal mean phi values (±SE, n = 120) and Braun-Blanquet shoot
densities (Di) (±SE, n = 9) for all sites along the North and South transects.
Seagrass species present at the sites are also indicated. .................................. 137
Figure 5.3: Summer and winter mean phi values (±SE, n = 120) for all sites along the
North and South transects. ................................................................................ 139
Figure 6.1: Dendrogram of the biotic data for all sites in both seasons, using groupaverage clustering from Bray-Curtis similarities. For study site abbreviations see
Table 6.1. ............................................................................................................ 153
Figure 6.2: Dendrogram of the abiotic data for all sites in both seasons, using groupaverage clustering from Euclidean distances. For study site abbreviations see
Table 6.1. ............................................................................................................ 154
Figure 6.3: MDS ordination of biotic variables superimposed on the abiotic variables:
A) grouping in summer and B) grouping in winter. The two circles in B) show
the grouping into genera occurring in the winter dataset as indicated by
PRIMER. .............................................................................................................. 155
Figure 6.4: MDS ordination of the values for the six abiotic variables selected by
BIOENV that best describe the pattern in the winter biotic variables; grains
sizes: A) coarse (> 0.5 mm); B) medium (> 0.25 mm); C) fine (> 0.063 mm); and
D) significant wave height (Hs in cm), E) canopy compression ratio (CRi) and F)
orbital velocity near the seabed (Ubot in cm s-1). The values for each of these
variables are superimposed as circles of proportional size over each of the study
sites. ................................................................................................................... 156

11

Tables
Table 2.1: Accuracy assessment for the 2002 classified image, showing the errors of
omission (Error O) and errors of commission (Error C) . ..................................... 42
Table 2.2: The Kappa Index of Agreement (normal font) and Cramer’s V (italicised)
for the sand bar crosstabulations. ....................................................................... 46
Table 2.3: The perimeter size classes of the mooring/propeller scars from 1953,
1989 and 2002...................................................................................................... 50
Table 3.1: Real weather events used for the SWAN modelling. Input definitions:
wind and wave velocity (Vel), wind and wave direction (Dir), significant wave
height (Hs) and wave period (Tp). ......................................................................... 65
Table 3.2: Output variables for SWAN modelling generated by the winter storm and
summer sea breeze for the North Sands Platform. Output variables include
mean (± SE: n = 374) wave height (Hs), wave period (Tp), orbital velocity near the
seabed (Ubot) and wave length (WLEN)................................................................ 80
Table 4.1: Characteristics of the seagrass landscapes and water depth at each site
along the North and South transects, Warnbro Sound. ...................................... 96
Table 4.2: Example of mean REI calculations for the North transect sand site in
January for eight out of sixteen wind directions. ................................................ 97
Table 4.3: PERMANOVA of the differences for season, transect and site for both
mean REI and exceedance REI. Data were 4th root transformed and analysis
based on the Euclidean dissimilarity measure, permutated 9999 times.
Significance level is indicated by *P < 0.05, **P < 0.01 and ***P < 0.001, df
degrees of freedom, MS mean squares, F pseudo F-statistic, and P (perm)
permutated P-value. .......................................................................................... 102
Table 4.4: An a posteriori pair-wise PERMANOVA comparing the four seasons for REI
and exceedance REI. Number of permutations = 9999. Data were 4th root
transformed and based on the Euclidean dissimilarity measure. Level of
significance indicated by *P < 0.05, **P < 0.01 and ***P < 0.001, t t-value, and P
(perm) permutated P-value. .............................................................................. 103
Table 4.5: An a posteriori pair-wise PERMANOVA of sites for mean REI. Number of
permutations = 9999. Data were 4th root transformed and based on the
Euclidean dissimilarity measure. Level of significance indicated by *P < 0.05,
**P < 0.01 and ***P < 0.001, t t-value, and P (perm) permutated P-value. SA
sand, EF edge fragmented, MF middle fragmented, P patchy, ES edge solid and S
solid. ................................................................................................................... 105
Table 4.6: Source of variance table for the two-way ANOVA for flow velocity 150 cm
above the seabed. Significance level is indicated by *P < 0.05, **P < 0.01 and
***P < 0.001, df degrees of freedom, MS mean squares, F F-statistic, and P Pvalue. .................................................................................................................. 107
Table 4.7: The seagrass species present at the five sites of the North and South
transects. Where more than one species of seagrass occurred at a site their
relative abundance to each other is represented by +. ..................................... 111
Table 4.8: Source of variance table for the three-way ANOVA for canopy
compression. Significance level is indicated by *P < 0.05, **P < 0.01 and
***P < 0.001, df degrees of freedom, MS mean squares, F F-statistic, and P Pvalue. .................................................................................................................. 113
Table 5.1: The values for the sorting coefficient (σG) after Folk and Ward (1957)... 131
12

Table 5.2: Source of variance table for the three-way ANOVA for mean phi (Φ).
Significance level is indicated by *P < 0.05, **P < 0.01 and ***P < 0.001, df
degrees of freedom, MS mean squares, F F-statistic, and P P-value................. 132
Table 5.3: The sorting coefficient and skewness of the North and South transect
sediment samples in summer and winter.......................................................... 136
Table 6.1: The abbreviations used in PRIMER to identify the transect and study site
............................................................................................................................ 152

13

