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1.  DOWNSCALED HYDRODYNAMIC MODELS 

Peter Craig, Ming Feng, Graham Symonds, Liejun Zhon g, Nick Mortimer and  
Dirk Slawinski  
CSIRO Marine and Atmospheric Research 

Objective 1: Downscaled hydrodynamic models to explore influences on benthic habitat, 
and the cross-shore and longshore exchange of water, nutrients and particles between the 
lagoon and shelf regions. 

1.1 Introduction 

WAMSI Node 1 has been focused on the Western Australian coastline from North West Cape 
to Cape Leeuwin, on waters from the upper continental slope into the shore. This is an open 
coastline exposed to the influence of the Indian and Southern Oceans and also, via the 
Indonesian Throughflow, to the Pacific. Any description of the biophysical dynamics on this 
Western Australian shelf must account for the influence of dynamics occurring at ocean-basin 
scales. 

The present chapter describes the physical oceanography at successively smaller scales, from 
that of the eastern Indian Ocean, to the shelf from NW Cape to Cape Leeuwin, down to the 
Marmion lagoon. At the largest scale, the primary tool is the global Ocean Forecasting 
Australia Model (OFAM), that has coarse (>2 degree) resolution distant from Australia, but has 
0.1 degree (~10 km) resolution in the Australasian region. Being global, OFAM simulates the 
longshore pressure gradient, largely due to the Indonesian Throughflow, that drives the 
Leeuwin Current southward along the shelf break of the WA coast. The model provides good 
qualitative representation of the Leeuwin Current and its associated eddies but, at 10 km 
resolution, tends to underestimate the current speeds on the shelf and cross-shore fluxes. 

OFAM output has been corrected with observations (in a separate CSIRO project) and archived 
to provide nearly 2 decades of ocean conditions. As a prelude to later biological investigations, 
it is used to investigate the longshore connectivity of shelf waters, demonstrating that the shelf 
can be classified into several sections of alternating low and high retention. At this scale, open-
ocean swells are important, with biological particles near the surface being driven north-east 
under their influence. 

At the next level, the Rutgers Ocean Modelling System (ROMS) is nested inside OFAM, 
covering the southern west shelf, with resolution down to 2 km near the coast. ROMS produces 
similar patterns of circulation to OFAM, but the Leeuwin Current and inshore wind-driven 
currents are narrower and stronger. The ROMS model is used primarily to drive a model of 
primary productivity over the shelf (see Chapter 2). ROMS produces eddies that correspond 
well with those observed in sea-surface temperature images, and also shows instances of 
intermittent upwelling along the shelf break. Upwelling and eddy transport prove to be 
significant mechanisms for moving nutrients and phytoplankton on and off the shelf, 
respectively. As shown in chapter 2, surface waves, in addition to currents, again prove to be 
important to the biology across the shelf. 
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At the scale of the Marmion lagoon, surface waves breaking on the reefs drive currents in the 
lagoon. The present study incorporated a year-long measurement program to quantify the reef 
and lagoon circulation. At low wave heights, the lagoonal circulation is driven primarily by 
longshore winds. However, when the incoming waves are higher than about 1.5 m, they break 
on the reef, carrying water into the lagoon, and causing currents to the north and south out of 
the lagoon. Modelling of reef dynamics requires very high resolution, down to tens of metres, 
and a model that includes both waves and currents. Two model configurations have been used 
in the present study: ROMS together with the wave model SWAN, and XBeach, a littoral-zone 
model still under development at Delft University. XBeach accurately represents the lagoonal 
dynamics. In the following chapter, ROMS is used under lower wave conditions to investigate 
the nutrient distributions observed during the measurement program. 

1.2 Eastern Indian Ocean Scale 

1.2.1 Model verification 

The shelf-scale circulation on the Western Australian coast is dominated by the Leeuwin 
Current that flows along the shelf-edge from the Northwest Cape around the southern capes. 
The Leeuwin Current is primarily a response to a north-south pressure gradient in the eastern 
Indian Ocean that is established mainly as a result of the flow of water from the Pacific to the 
Indian Ocean through the Indonesian Archipelago. As the Leeuwin Current flows southward, 
its volume increases, as it entrains water from the Indian Ocean. It is impossible to describe the 
oceanography of Australia's western shelf without accounting for the large scale ocean 
circulation patterns of the eastern Indian Ocean and the Indonesian Throughflow. 

For WAMSI modelling, the primary source of large-scale information is the global ocean 
model, OFAM (Ocean Forecasting Australia Model), developed as part of the BLUElink 
partnership between CSIRO, the Bureau of Meteorology, and the Royal Australian Navy 
(Schiller et al., 2008). In particular, OFAM has been run, within the BLUElink project, to 
create a 1993-2008 archive of daily values of ocean properties including ocean currents, salinity 
and temperature in 3 dimensions, resolved at 10 km horizontally and 10 m vertically (in the 
upper ocean) in the Australian region. There are two versions of the archive: one is a free run, 
and the second utilises data assimilation, that is, continuous correction by satellite (including 
altimeter) and in-situ data (Oke et al., 2008). These runs are referred to as the "Spinup" and 
"BRAN" (for Bluelink ReANalysis), respectively. 

A second source of global model data, referenced in this section for comparison with BRAN, is 
HYCOM, the Hybrid Coordinate Ocean Model, with a vertical coordinate that is isopycnal (i.e. 
following density surfaces) in the open, stratified ocean, but smoothly reverts to a terrain-
following coordinate in shallow coastal regions, and to z-level coordinates in the mixed layer 
and/or unstratified seas (Bleck and Boudra 1981; Bleck and Benjamin 1993). The HYCOM 
hindcast system is configured for the global ocean with HYCOM 2.2 as the dynamical model. 
Computations are carried out on a Mercator grid between 78°S and 47°N (1/12° equatorial 
resolution). Daily output from the model was downloaded from 
(http://hycom.rsmas.miami.edu/hycom-model/overview.html). 
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The present section is devoted to a comparison of BRAN and HYCOM with existing data sets 
off the WA coast. Monthly climatology of horizontal currents from BRAN is consistent with 
observations in the southeast Indian Ocean region (Figure 1.1). The seasonal cycles of the 
Indonesian Throughflow, South Equatorial Current, and the Leeuwin Current are well 
reproduced by BRAN (Schiller et al., 2008). Similar climatology can be derived from HYCOM 
(not shown). 

 

Figure 1.1. Seasonaly climatology of horizontal curr ent speed (shading), averaged over the top 
150 m, from BRAN. The broad arrows denote the direc tion of major ocean boundary currents. 
Visual comparison of BRAN and HYCOM near-surface ocea n current velocities measured with 
ADCP from Southern Surveyor cruise SS200704 in May-June 2007 shows that there are 
agreements in broad-scale features of the Leeuwin C urrent and eddies off the west coast, 
although the model outputs tend to lack of some of the sub-mesoscale variability in the 
observation (Figure 1.2).  
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Figure 1.2. Comparison of horizonal current velocit ies derived from BRAN, HYCOM and 
SS200704 shipboard measurements at 95 metres depth. 

 

The eastward and northward components of current velocity can be approximately regarded as 
cross-shelf and alongshore off the west coast.  Figure 1.3 shows comparisons of the two 
components of the velocity fields from models and observations during the SS200704 cruise. 
As is also apparent in Figure 1.2, both BRAN and HYCOM clearly underestimate the cross-
shelf velocities. This is quantified in the linear regression between the cruise data and the 
BRAN data (interpolated to the cruise data locations and times) (Figure 1.3). The linear 
correlations are generally between 0.6-0.7, and the slopes of the linear regressions are slightly 
lower. 
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Figure 1.3. Cruise track comparison of eastward (U)  and northward (V) velocity components and 
BRAN data. 

 

The daily binned SS200704 CTD temperature data compare well with BRAN data with a linear 
correlation and slope of linear regression close to 1   (Figure 1.4). The CTD salinities are also 
well correlated with the BRAN data, except that BRAN tends to underestimate the high salinity 
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values and overestimate the low salinity values.  The comparison with HYCOM is similar 
although the underestimation of high salinity values is greater than that of BRAN (Figure 1.5).   

 

Figure 1.4. Comparison between daily binned SS200704 cruise CTD temperatures and salinities 
and BRAN data.
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Figure 1.5. Daily binned cruise temperatures and sa linities compared with HYCOM data. 
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Figure 1.6. Comparison of mixed layer depth and pot ential density between the SS200704 cruise 
data and BRAN 

For the temperature and salinity from both the cruise and BRAN data, mixed-layer depths were 
calculated as the depth at which the density is 0.125 kg/m3 higher than that at the surface (10m). 
Figure 1.6 shows the calculated mixed-layer depths and potential density from individual CTD 
profiles.  The comparison is visually reasonable, but the correlation between the mixed layer 
depths is only 0.34. 

BRAN data off Ningaloo Reef are compared with current metre data collected as part of the 
WOCE program in 1995 and 1996.  Figure 1.7 shows the locations of the moorings near 
Ningaloo Reef (Domingues et al., 1999).  Only moorings m61 (1995/1996), m62 (1995/1996) 
and m63 (1995) had data that were suitable for comparison. 

As with the cruise data, the comparison of the alongshore current is much better than that for 
the cross-shore. This confirms that BRAN underestimates cross-shore currents near the shelf 
break. Overall the correlation in the meridional flow is around 0.6 or better if extremes are 
removed (Figure 1.8, Figure 1.9 and Figure 1.10).  
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Figure 1.7. WOCE mooring locations. 
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Figure 1.8. Comparison of northward (V) and eastward  (U) components of velocity at the WOCE 
mooring m61 with BRAN data for March to May in 1995  (upper panel) and 1996 (lower panel). 
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Figure 1.9. Comparison of northward (V) and eastward  (U) components of velocity at the WOCE 
mooring m62 with BRAN data for March to May in 1995  (upper panel) and 1996 (lower panel). 
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Figure 1.10. Comparison of northward (V) and eastwar d (U) components of velocity at the 
WOCE mooring m63 with BRAN data for March to May in 1995. 

The SRFME current measurements off Two Rocks in 2004-2005 are used to validate the output 
from BRAN simulates the current system along the lower west Western Australian continental 
shelf (Pearce et al., 2009). Full-column ADCP current meters were deployed for a year (with 
gaps) at SRFME sites A (20m) and C (100m), while a single-point current meter was moored at 
mid-depth at Site B for part of 2005 (Fandry et al., 2006). Temperature was also measured at 
fixed depths at all 3 sites for varying periods. The original current records were at 15-minute 
intervals and Fandry et al. (2006) derived hourly current components using 5-point moving 
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averages. Because the temporal resolution of the BRAN model is daily in 10 m depth layers, 
daily vector-averaged currents have been derived from the ADCP measurements in 10 m depth 
bins for this analysis and monthly current statistics have been calculated. Only the surface layer 
currents and temperatures at sites A and C are discussed. 

At the shallow inshore site A, the BRAN daily alongshore components closely matched the 
measured currents in the surface layer (Figure 1.11, upper). Both the average current velocity 
and the daily variability were very similar, with a correlation coefficient of 0.61 over the year-
long period. Agreement was not as good for the cross-shelf flow (Figure 1.11, lower) where the 
observed currents were much lower than the modelled values (especially in the first half of the 
record); the correlation coefficient was only 0.21. The isolated southward/offshore "spike" in 
the measured currents (>50 cm/s) in August 2004 was not reproduced by the model. For the 
deeper layer (not shown here), the alongshore correlation between the model and the 
observations was 0.68, while the cross-shelf correlation of 0.30 was also higher than that near 
the surface. 

For the 3 successful deployment periods at site C, the BRAN near-surface alongshore currents 
were generally weaker than the observed flow (Figure 1.12 upper), particularly during the 2nd 
deployment in summer 2005, although the few-day variability matched reasonably well. The 
correlation coefficient was 0.56 (over 107 days). Again, the cross-shelf agreement was poorer 
(Figure 1.12 lower) with a correlation of -0.22. Down the water column, the alongshore 
correlations decreased marginally to 0.49, but the cross-shelf correlations improved 
substantially to +0.44 near the seabed. 

The modelled 10 m temperatures at site A agreed moderately well with the measurements 
during the summer period, but were too high (by 2 to 3 °C) in winter (Figure 1.13 upper). 
Nevertheless, because of the strong seasonal signal, the correlation was overall quite high at 
0.84. As would be expected in such shallow water, the correlation at 20 m was similar at 0.85. 

Further offshore at site C, the comparison between the modelled and observed temperatures 
was better than at site A, with a correlation of 0.91 near the surface (Figure 1.13 lower), but 
dropped to 0.74 in the deepest layer. 



DOWNSCALED HYDRODYNAMIC MODELS 

WAMSI Node 1 Project 1 Annexure A • 30 June, 2011 17

 

 

 

Daily mean currents: Site A 5m depth
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Figure 1.11. Daily alongshore (upper) and cross-she lf (lower) current components at 5 m depth 
at Two Rocks Transect site A in 2004/2005; red repr esents the observed ADCP currents and 
blue the BRAN simulation. 
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Daily mean currents: Site C 15m depth
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Figure 1.12. Daily alongshore (upper) and cross-she lf (lower) current components at 15 m depth 
at Two Rocks Transect site C in 2004/2005; red repr esents the observed ADCP currents and 
blue the BRAN simulation.  
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Temperature: Site A 10m depth
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Figure 1.13. Daily mean near-surface temperatures f rom observations (red) and BRAN (blue) at 
site A (upper) and site C (lower) in 2004/2005. 

In summary, BRAN has captured the broad scale features of the boundary current systems, the 
Indonesian Throughflow and the Leeuwin Current off the coast of Western Australia. BRAN 
has also well simulated the structure and variability of upper ocean temperature off the coast. 
For shelf currents, BRAN does reasonably well with longshore current variability, but tends to 
underestimate currents speeds by a factor between 0.2 and 0.6. This may be the constraint to 
use BRAN data for the near-shore current studies. 
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1.2.2 Long-shore connectivity 

Marine species that have a pelagic larval phase have the potential to be widely dispersed 
alongshore by the Leeuwin Current. Modelled currents from BRAN can be used to predict the 
trajectories of larvae from their spawning point to there settling destination. Given the 
underestimation of the cross-shelf current on the inner shelf, the connectivity calculation may 
be only applicable for larvae released in the outer shelf. 

Growth, survival, and dispersal of marine planktonic larvae rely strongly on their behaviour. 
Larval fish change their vertical positioning due to strong vertical gradients in light, 
temperature, predation pressure, and prey availability. In some circumstances, they also use 
vertical migration to take advantage of the prevailing ocean currents. In this project, we have 
used individual-based (particle-tracking) models (IBM) of the western rock lobster and abalone 
larvae off the west coast as examples to demonstrate how larval behaviours may affect 
recruitment processes of different marine species. 

The western rock lobster has a long larval phase (~10 months) in the open ocean, and exhibits 
significant variations in post-larval puerulus settlement correlated with oceanic factors (Caputi 
et al. 2001). The first IBM developed to investigate the larval phase of the western rock lobster 
incorporated satellite-based ocean currents and larval behaviour and was capable of moving 
significant numbers of early-stage larvae (phyllosoma) offshore from breeding areas along the 
continental shelf and returning them to the west coast as puerulus some 9-11 months later 
(Griffin et al. 2001). This model was a major step forward in the oceanographic sense, but the 
authors noted that their model involved a number of simplifications and was not able to fully 
replicate the observed geographic distribution of puerulus settlement or the interannual 
variability in settlement.  

The IBM model is based on a Lagrangian particle-tracking method. The advection scheme is 
4th-order Runge-Kutta, in which the position of a particle at time step n+1 in one direction, 
xn+1, is given by    

 
 [ ] 2

1
1

211 2 tKrRtuxx mnnn ∆+∆+= −
++ , 

where xn is the position of the particle at the previous time step, ∆t is the time step, and un+1/2  is 
velocity at the predicted position at time (n+½) ∆t. The third term on the right-hand side 
represents sub-grid scale processes unresolved by the archived BRAN data. It is a model of 
diffusion by random-walk, with R a random number having zero mean and variance of 1, and 
Km the horizontal diffusivity (r=1 is a scaling factor). 

The selection of Km is dependent on the length and time scales of the unresolved processes. It is 
often specified by comparing the statistics of surface drifters and modelled particles. Most 
studies suggest that the source-sink relationship of particles is not strongly related to the choice 
of Km, and commonly used Km values range from 0 to100 m2/s (Table 1.1).
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Table 1.1. Summary of diffusivity used in different particle tracking models. 

Hydrodynamic 
Model Grid Size 

Diffusivity 
(m2/s) 

“Ocean Scape” Reference 

Analytical domain 10, 100 Coastal Parslow and Gabric 1989 

0.5 km x 0.5 km 10, 50 Shelf/Open Ocean Hannah et al. 1998 

500 m x 500 m 10 Coastal Ommundsen 2002 

0.25o x 0.25o 100 Shelf/Open Ocean Thorpe et al. 2004 

0.25o x 0.25o 0 Shelf/Open Ocean Murphy et al. 2004 

1.4 to 47.3 km (non-
uniform grid) 

60 Shelf Ribergaard et al. 2004 

3 m to 4 km (non-
uniform grid) 

1, 10 Coastal Bilgili et al. 2005 

2.5o x 2.5o 100 Shelf/Coastal Marinone 2006 

3 km to 5 km 
(curvilinear grid) 

20, 200, 400 Shelf/Open Ocean Xue et al. 2008 

4 km x 4 km ~33 Shelf/Coastal Mitarai et al. 2008 

 

Figure 1.14 and Figure 1.15 show results to test Km selections in the particle tracking based on 
BRAN off the WA coast. Particles were released in the surface layer in a 50 by 50 km box 
about 300 km offshore of the Abrolhos Islands on 1 January and 1 July 2000, and were 
followed for 30 days. The particles were advected by the horizontal current at the sea-surface. 
Results show that the particles experience long-distance excursions during the 30 days from 
their release site, mostly due to the mean current and eddy activity. By comparing the 
simulations using different Km, it is confirmed that the random walk plays only a minor role in 
the spatial dispersion of the particles and the dispersion patterns are not sensitive to the Km 
selection in the range of 10 – 50 m2/s. 

We emphasise that it is important to seed a large number of particles for tracking, to properly 
represent the flow variability and range of possible outcomes, and thus achieve correct 
statistics. 
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Figure 1.14. Distribution patterns of 4997 particle s released on 01 January 2000.  The particles 
were advected for one month using the BRAN velocity  field.  Particle locations at 0, 2, 10, 20 
and 30 days after release are shown.  Each row repre sents a realization using a different 
diffusivity coefficient (K m) of 0, 10, 20 and 50 m 2/s, respectively. 
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Figure 1.15. Same as Figure 1.1. Seasonaly climatolog y of horizontal current speed (shading), 
averaged over the top 150 m, from BRAN. Except for p articles released on 01 July 2000. 

Source of the Leeuwin Current waters 

As a further preliminary example of the use of particle tracking, the technique has been used to 
identify the source and fate of Leeuwin Current waters. Particles were seeded in the upper 200 
m along 22 °S, offshore of the Ningaloo Reef, in the region generally regarded as the start of 
the Leeuwin Current. From there, the particles were back-tracked using the 3-dimensional 
BRAN velocity field. Over the 10-year period, 1997 – 2006, about 500 particles were released 
on the 1st of each month, and then back-tracked for 6 months. The back-tracking uses only 
advection, with no random walk component. 

The modelled seasonal variations of the source regions of the LC seem to be consistent with 
those identified in earlier studies (e.g. Domingues et al., 2007): in spring and summer the LC 
waters tend to have a western source, while in autumn and winter they seem to have a more 
northern source (Figure 1.16). Most of the particles arrive from the region between 15-25 °S off 
the northwest Australia.  
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Figure 1.16. Average distributions of likely source  regions of backtracked particles released at 
22 °S in the Leeuwin Current for 1997 – 2006. The pa rticles are tracked for 6 months. 

Retention rates 

As already noted, the shelf circulation off the coast is strongly influenced by the poleward-
flowing Leeuwin Current all year round, interrupted by episodic, wind-driven, northward, 
inshore surface transport during the austral summer (Figure 1.17). This section describes a 2-
dimensional implementation of the Lagrangian particle tracking model, in which particle 
movements were passively advected by the 0–20 m depth-averaged, daily velocity field from 
BRAN. Particle locations were updated every 6 hours (by linearly interpolating velocity from 
daily fields), and random effects were included by perturbing the initial particle seeding. A 
reflection scheme, based on geometric intersections of boundaries, was added to the 2D particle 
tracking code to prevent particles from stranding on land.   

The continental shelf between 22º and 35°S off the west coast of Australia was divided into 26 
half-degree (55 km) latitudinal segments (Figure 1.17). The offshore boundary of each segment 
was determined by the 200 m isobath, except for the Ningaloo segment where the 1000 m 
isobath was used because the narrow shelf (< 10 km) is unresolved by BRAN off Ningaloo. 
5000 particles were randomly seeded in each segment daily for model years 1996 through 2000 
and the particles were tracked for one month. Sensitivity tests showed that the results from this 
study were robust if the number of particles released at each segment was halved. 

The retention rate of a segment is defined as the percentage of particles initially seeded there 
that remained in the segment at the end of a certain tracking period. The dispersal rates from a 
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segment were defined as the percentage of particles seeded in the initial segment that 
subsequently had entered any of the other segments at the end of a certain tracking period. 

 

Figure 1.17. Seasonally averaged 0-20m BRAN velocity  field for 1997 to 2006. The blue boxes in 
the upper left panel represent particle release sit es. 

Retention rates of surface waters have significant spatial variations on the continental shelf off 
the west coast of Australia (Figure 1.18). Based on a 5-year average, the lowest retention rate of 
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less than 3% occurs off North West Cape (Ningaloo, ~22ºS), and the highest retention rate of 
more than 40% occurs at Geographe Bay, 14 days after particle release. Shelf regions identified 
to have significantly higher retention rates than their standard deviations were: Carnarvon (24º-
25.5ºS), the broad Abrolhos region (26.5º-29.5ºS), between Perth and Geographe Bay (32-
33.5°S), and south of Cape Leeuwin (34.5-35ºS). In addition to North West Cape, low retention 
shelf regions were identified off Shark Bay (~26°S), near Jurien Bay (30-31°S), and off Cape 
Leeuwin (~34ºS).  

The spatial inhomogeneity of shelf-water retention rates is to a large extent determined by the 
magnitude of alongshore velocity, and to a lesser extent by the width of the continental shelf. 
Shelf regions of low retention tend to experience stronger alongshore currents: the narrow 
shelves off North West Cape and Cape Leeuwin tend to be more influenced by the Leeuwin 
Current; the shelf region off Shark Bay has protruding coastal geography and is more exposed 
to the Leeuwin Current; and the formation of mesoscale eddies near Jurien Bay caused 
significant cross-shelf exchanges of waters (Feng et al. 2005; 2007). By contrast, most shelf 
regions with higher retention rates are sheltered from the direct influence of the Leeuwin 
Current by coastal geography and have weaker alongshore currents: the region south of 
Abrolhos is sheltered by the island chain; the Leeuwin Current is diverted offshore upstream of 
Geographe Bay; and the region south of Cape Leeuwin is located in the shadow of the Cape. 

The saucer scallop, Amusium balloti is an Indo-Pacific species that is abundant in four shelf 
regions off the west coast, centred on the Shark Bay area, the Abrolhos, the south-west near 
Fremantle and Geographe Bay (Figure 1.18; Harris et al. 1999; Caputi et al. 1998). Between the 
Abrolhos and Fremantle, A. balloti spawning occurs from July to March (Joll and Caputi 1995), 
with a pelagic larval phase of 10-14 days (Rose et al. 1988). Thus, with the exception of the 
Shark Bay fishery (which occurs inside the shelter of an almost continuous island chain), the 
shelf areas with sufficient scallop populations to support commercial fisheries occur in close 
association with regions with high levels of particle retention rates (Figure 1.18).  
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Figure 1.18. (left panel) Retention rates off the w est coast of Australia after two weeks of 
particle tracking and their standard deviations, an d (right panel) the boundaries of the saucer 
scallop fisheries in Western Australia (source: Har ris et al. 1999). 

Alongshore dispersal is more symmetrical in October-December, whereas dominantly 
southward dispersal occurs in April-June when the Leeuwin Current is strong (Figure 1.19). 
However, spatial inhomogeneity of dispersal patterns was also evident: whereas in most high 
retention regions the alongshore dispersals were similar to that of the southern Abrolhos, there 
were more southward excursions for particles released off North West Cape, Shark Bay, and 
Jurien Bay during April-June; and there was more northward alongshore movement of particles 
released from Jurien Bay during October-December. Further study is needed to determine how 
the inhomogeneity of alongshore dispersal is linked to interaction between the Leeuwin Current 
and coastal geometry. The sensitivity of local retention and alongshore dispersal to timing and 
location of  spawning,  as well as larval duration, are potentially important determinants of the 
patterns of distribution and abundance of marine organisms that have a pelagic larval phase. 
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Figure 1.19. Alongshore connectivity matrix along t he west coast of Australia after four weeks 
of particle tracking in April-June and September-Dec ember. Only values with particle density of 
greater than 0.1% of original releases are plotted.  

Stokes Drift 

Larvae often float at the surface, or migrate on a daily basis to spend significant time at the 
surface. As an example, western rock lobster larvae through their phyllosoma and puerulus 
stages have been observed to have extensive vertical migration. At the surface, particles are 
subject to a net drift, called the Stokes drift, due to the action of waves (swells), which is not 
included in standard hydrodynamic models like BRAN. For an open coastline, like Western 
Australia's, with a persistent swell from the south to southwest, Stokes drift may have a 
significant influence on the larval dispersion.  

The Stokes drift velocity in the direction of wave propagation can be calculated as 
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Here, kCP /σ= , is the phase speed of the waves, ) tanh(2 kHgk=σ , where a  is the wave height, 

k  is the wavenumber, z  is the depth which is zero at sea surface and positive upward, and H  is the 
water depth. For significant wave heightSH , and significant wave period ST , derived from a wave 

model or observations, 2/SHa = , and ST/2πσ = , (Monismith and Fong 2004).  

Significant wave height, wave period and direction from Wave Watch 3 model (WW3) data 
(http://polar.ncep.noaa.gov/waves/wavewatch.shtml; Tolman et al. 2002) were used to derive a 
Stokes drift velocity for the particle tracking. Eight-hourly global WW3 data at 1-degree 
longitude by 1.25-degree latitude resolution from 1997 to present were downloaded. The WW3 
data are converted to daily means, and then interpolated onto the ~10km x ~10km BRAN 
velocity grid between 90E – 130E and 1N – 61S. 
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In addition, QuikScat (http://winds.jpl.nasa.gov/missions/quikscat/index.cfm) wind data 
derived from satellite data are also used in the particle tracking, to correct the surface Ekman 
drift. Underestimate the surface Ekman drift is likely to be one of causes of the underestimation 
of surface current in BRAN.  The twice daily global data at ¼ degree by ¼ degree resolution 
from 1999 to present were downloaded. The data are averaged into daily values, and then 
interpolated onto the BRAN ~10km by ~10km velocity grid.The correction may be calculated 
as 2-3% of the wind speed, 20-30 degrees to the left of wind direction in the southern 
hemisphere (Jenkins 1987). Note that the wind correction is used in addition to the wave-driven 
Stokes drift effect. 

Figure 1.20 shows an example of the effect of including Stokes drift in the model calculations. 
With Stokes drift, the latitudinal distributions of model particles in June-July are centred 
around 22-33°S, largely consistent with late stage [VI to IX] phyllosoma spatial distributions 
(Rimmer and Phillips 1979). Without Stokes drift, they have a more southern distribution, 
skewed toward 30-32°S. The average latitudes of all late-stage particles during this period are 
27.6°S and 28.6°S for the IBM simulations with and without Stokes drift, respectively, so that 
the net effect of Strokes drift is to shift the particle population by about a 100 km northward, 
and retain the particle population off the west coast. 

As a consequence of the northward shift of particle distribution due to Stokes drift, the mean 
latitude of settling particles is at 29.7°S, more than 150 km north of the settling location 
without Stokes drift. With the Stokes drift effect, the central region of the settlements is located 
between the Abrolhos and Fremantle and the settlements in the southern Capes region are 
significantly reduced. These model outputs are consistent with the puerulus collector data and 
the location of catches by the western rock lobster fishery, and overcomes one of the significant 
issues of settlement being too far south in the previous model (Griffin et al., 2001).  

 

Figure 1.20. Latitudinal distribution of successful ly settled IBM particles averaged over the 9 
years modelled (a) with Stokes drift incorporated in  the IBM and (b) without Stokes drift effect. 
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The improvement of the IBM of the western rock lobster larvae has been utilised in a joint 
FRDC project with the WA Department of Fisheries to better understand the source-sink 
relationship of the western rock lobster puerulus recruitments. 

1.3 Western Australian Continental Shelf Scale 

1.3.1 Introduction 

A shelf-scale model with resolution down to around 2km, centred on Perth and extending from 
the coast to the continental slope, is nested within a regional scale model. Its primary task is to 
simulate seasonal changes in phytoplankton chlorophyll concentrations and help quantify 
seasonal fluxes of nitrogen on and off the shelf. The model should be capable of resolving sub-
mesoscale processes (e.g. Leeuwin Current System and eddies) on time scales ranging from 
days to seasonal cycles. The shelf-scale model is downscaled from a global model archive from 
CSIRO’s BRAN (BLUElink ReANalysis), which has 10km resolution in the Australian region 
and is based on a data-assimilation model (Oke et al., 2008).  

1.3.2 Methodology 

A coupled hydrodynamic-biogeochemical model (ROMS) has been configured for the 
southwest shelf off Western Australia. ROMS solves the incompressible, hydrostatic, primitive-
equation model with a free surface, horizontal curvilinear coordinate, and a generalised terrain-
following vertical coordinate (Haidvogel et al., 2000). The model domain extends from the 
coast to offshore 108oE and from 35oS (Cape Leeuwin) to 21oS (the North West Cape). The 
horizontal resolution in cross-shore direction varies between 2 km and 4 km from the coast to 
the 1000 m isobath and then increases to 8 km at the oceanic boundary. The alongshore 
resolution varies from 3 km to 8 km. There are 30 vertical levels with refinement in the top 200 
m. The ROMS model is one-way nested in BRAN, a global model with 10 km resolution in the 
Australian region. The BRAN archive provides the initial field and physical boundary data, 
including sea level, velocities, temperature and salinity. At the surface, the ROMS model is 
forced by 3-hourly atmospheric fields from the ERA-interim archive of the ECMWF obtained 
from the ECMWF data server, which includes wind stresses, heat and freshwater fluxes, and 
solar radiation. At the three lateral open boundaries, an oblique radiation condition 
(Marchesiello et al., 2001) was used with a nudging term for tracers and 3d velocities. A 
Flather boundary condition (Flather 1976) is used for the depth-averaged velocity and zero 
gradient condition for sea surface level. There are sponge layers and weak nudging layers in the 
outermost 6 grid cells of the model. 

The model was integrated for 4 years from January 2000 to December 2003 and the solution for 
2003 is selected to represent the typical conditions of the Leeuwin Current System in the study 
region. The model performance is assessed as follows. 
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1.3.3 Results 

Annual mean sea-surface height and sea surface temperature 

Annual mean sea-surface height (SSH) and sea-surface temperature (SST) simulated by ROMS 
in 2003 are compared with results from the BRAN model, satellite imagery and the CARS06 
dataset (Figure 1.21). SSH looks similar in ROMS, BRAN and CARS06 in terms of both 
pattern and magnitude. As shown in Figure 1.21 sea level is high in the north and low in the 
south. This north-south pressure difference plays an important role in driving the pole-ward 
flowing Leeuwin Current, bringing a high pressure tongue along the shelf break. 

The spatial distribution of SST has a similar pattern to SSH. Temperature decreases as the 
Leeuwin Current moves towards the South Pole and there exists a warm-water tongue along the 
shelf break, where SST is a couple of degrees higher than ambient offshore and inshore waters. 

  

Figure 1.21. Maps of annual mean sea surface temper ature (in colour) and sea surface height 
(contour lines, units in centimetre) in 2003 from t he ROMS model, BRAN model, satellite sea-
surface temperature imagery (no sea-surface height contours) and CARS06 dataset (CSIRO 
Atlas of Regional Seas - 2006). 

Surface eddy kinetic energy (EKE) 

A common feature associated with the Leeuwin Current is mesoscale eddies, whose activities 
can be measured by surface eddy kinetic energy (EKE). As shown in Figure 1.22, mesoscale 
eddies in ROMS develop preferentially offshore of the continental shelf break between 27oS 
and 33oS, consistent with previous studies based on satellite altimeter data (Fang and Morrow, 
2003; Feng et al., 2005 and Feng et al., 2009). 

Figure 1.22 also compares the seasonal variation of EKE between the ROMS model and the 
climatological EKE derived from satellite altimeter data (Feng et al. 2009). Both show a clear 
seasonal cycle of EKE, with eddy activity stronger in austral winter and weaker in austral 
summer. 
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Figure 1.22. Map of annual mean surface eddy kineti c energy in ROMS (left) and comparison of 
seasonal EKE between ROMS model and climatological EKE d erived from satellite altimetry by 
Feng et al. (2009). 

Seasonal variability of the Leeuwin Current and its transport 

The Leeuwin Current and its seasonal variation is illustrated at three transects at 23oS, 27oS and 
31oS (Figure 1.23). In the model the Leeuwin Current is about 100 km wide on the surface and 
shallower than 300m. In austral winter, the Leeuwin Current can reach to 0.5 m/s, and becomes 
stronger as it moves toward the south. The Leeuwin Current is much weaker in austral summer; 
however, the northward Capes Current is developed inshore due to the prevailing southerly 
wind. The temperature stratification also shows seasonal variation. The surface mixing layer is 
deeper in austral winter than in summer due to stronger heat flux loss from the ocean. 

 
 

Figure 1.23. Meridional velocity (in colour) and te mperature (contour lines in black) averaged in 
austral winter (left panel) and summer (right panel ) along three transects at 23 oS, 27oS and 
31oS. The Leeuwin Current is represented by negative cu rrent in blue colour while the Leeuwin 
Undercurrent is represented by positive current in yellow. The Capes Current near the shore 
moves northward in austral summer. 
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Warm water volume transported by the Leeuwin Current is calculated from ROMS results and 
then compared with BRAN model and geostrophic transport calculated by Feng et al. 2003 
(Figure 1.24). There is a distinct seasonal cycle in the transport of Leeuwin Current, with 
transport maximised in austral winter and minimised in austral summer. Monthly mean 
transport can reach up to 4.6 Sv (106m3/s) in austral winter, which is consistent in all three 
calculations. In austral summer the transport calculated from ROMS and BRAN is about 1 Sv 
higher than the geostrophic transport.  

 

Figure 1.24. Comparison of Leeuwin Current transpor t between ROMS, BRAN and geostrophic 
transport at 32°S calculated by Feng et al., 2003. C olour patches show the standard deviation of 
transport in ROMS and BRAN. 

Upwelling in austral summer 

The wind along the Western Australia coast is predominantly southerly in austral summer, and 
drives the Capes Current flowing equatorward on the shelf. The Capes Current is cooler water 
due to coastal upwelling. ROMS model captured the coastal upwelling in austral summer that 
we examine along two transects on 27oS and 31oS (Figure 1.25). 

Figure 1.25 shows temperature stratification, longshore, cross-shore and vertical velocity at the 
two transects. At these two transects the Capes Current locates inshore of the Leeuwin Current 
and moves in the opposite direction. Below 100m water depth, temperature contours tilt down 
toward the coast, which is typical of the temperature stratification (Figure 1.25); however, 
temperature contours tilt up toward the coast in the surface layer, an indicator of upwelling. 
Moreover, the water in and below the Leeuwin Current is uplifted, bringing cold water to the 
surface. 
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Figure 1.25. Meridional current (in colour), temper ature (contour lines in red), and cross-shore 
and vertical currents (vectors in black) along tran sects at 27 oS (upper panel) and 31 oS (lower 
panel) on 11 February 2003. The Leeuwin Current is represented by negative current in blue 
colour and the inshore Cape Current is represented by positive current in yellow. Note vertical 
velocity (in the order of 10 -5 m/s and 10 4 times smaller than horizontal velocity) in the vec tors is 
greatly exaggerated to illustrate vertical movement  of water masses. 

Particle tracking 

Particle tracking using ROMS is compared with that using BRAN model (see the previous 
section). The ROMS model simulation captures a much stronger Capes Current compared with 
BRAN (Figure 1.26). Particles released in the Cape region have more persistent northward 
movements compared to BRAN when using the 0-20 m averaged velocities to advect the 
particles (Figure 1.27). Simulations using the fine resolution ROMS model are being applied to 
fisheries recruitment (FRDC project proposal on Dhufish fish larvae dispersal). 
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Figure 1.26. Comparison of meridional flows near Ca pe Mentelle between ROMS and BRAN 
model simulations. Note that the Capes Current (in black boxes) is much stronger in ROMS 
simulation compared to BRAN. 
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Figure 1.27. 30-day trajectories of particles relea sed off the Capes (within the black boxes) on 
different days in January 2003 using ROMS model outp ut. 

1.3.4 Discussion 

The fine-resolution ROMS model is downscaled from a regional model. It is driven by the same 
air-sea flux forcing as the Bluelink model and uses BRAN model outputs as open boundary 
conditions. It is expected to reproduce the Leeuwin Current System with more detailed 
structures.  The general features of the Leeuwin Current System and its seasonal variability 
simulated in the shelf-scale model agree reasonably well with the mother model BRAN and 
observations. However, the fine resolution model indeed captures different circulations from 
the coarse resolution model. For example, the shelf-scale model produces a much stronger 
northward Capes Current compared with BRAN (Figure 1.26). Both models have distinct 
seasonal cycle of EKE, that is, higher EKE in austral winter and lower EKE in austral summer; 
however, EKE is higher in ROMS than in BRAN (figure not shown), which seems reasonable 
since flows tend to be more intense in ROMS with higher resolution. 

The ROMS implementation described in this section is primarily required to drive a 
biogeochemical model of the southwestern shelf region (section 2). Based on the present 
comparisons with data, ROMS appears to reproduce faithfully the spatial structure and seasonal 
variability of the hydrodynamics, particularly of the Leeuuwin Current, its eddies, and the 
inshore wind-driven currents. ROMS, at resolutions down to 2 km inshore, produces stronger, 
and more realistic currents than the coarser (10 km) BRAN model in which it is nested. 
Accurate representation of the currents is important to the success of the biogeochemical 
model, in which the advection nutrients, phytoplankton and other constituents, determines the 
strength and distribution of primary productivity along this WA shelf region. 
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1.4 Lagoon scale (Marmion Lagoon) 

1.4.1 Introduction 

Coastal waters off South West Western Australia are unusual, supporting high benthic biomass 
and a winter phytoplankton bloom, while the poleward flowing Leeuwin Current is nutrient 
poor. The region is micro-tidal, dominated by diurnal tides with a spring range of about 0.7m, 
exposed to long period southern ocean swell (8s<T<20s), and a strong sea-breeze cycle during 
summer months. A feature of the coastal zone is a series of limestone reefs dotted along the 
coast for about 700km between 3-10km offshore (Pattiaratchi et al, 1995). The distribution of 
the reefs is very patchy, individual reefs have relatively small areal extent and are often shallow 
enough for waves to break over them. Mean currents on the inner shelf, inshore of the Leeuwin 
Current but offshore of the reefs, are largely wind driven (Pattiaratchi et al, 1995; Zaker et al, 
2007) and Feng et al (2006) report the alongshore current at 20m depth is 2.5-3% of the wind 
speed with a correlation of .87. In the lagoon, shorewards of the reefs, the correlation between 
wind and current is less and Pattiaratchi et al (1995) report periods during winter months when 
the current and wind are in opposing directions. However, Zaker et al (2007), using the same 
data described by Pattiaratchi et al (1995) report the currents inside the lagoon are dominated 
by wind forcing for most of the year. The site of the study described by Pattiaratchi et al (1995) 
and Zaker et al (2007) is a few kilometers north where the distribution of reefs is more patchy 
than our site. 

Breaking waves have the potential to drive strong currents over the shallow reefs (Symonds et 
al, 1995) and, during high wave events, the wave-driven currents may dominate over wind 
forced currents. These cross-reef currents are due to a body force associated with gradients in 
the radiation stress defined as the excess momentum due to the presence of the waves (Longuet-
Higgins and Stewart, 1964). Due to the greater mass under the wave crest, relative to the 
trough, the depth integrated forward momentum flux under the wave crest is greater than the 
opposite momentum flux under the trough. Averaged over a wavelength there is a net flux of 
momentum in the direction of the waves known as radiation stress and is proportional to wave 
energy (Longuet-Higgins and Stewart, 1964).  Horizontal gradients in radiation stress, due to 
gradients in wave energy, cause a body force which on a beach can force alongshore currents 
(Bowen, 1969; Longuet-Higgins, 1970a,b; Thornton and Guza, 1986) and cross-shore setup 
(Bowen et al, 1968; Guza and Thornton, 1981). In the latter case the shoreline prevents any 
cross-shore flow, resulting in an increase in sea surface elevation at the shoreline, known as 
wave setup, such that the cross-shore gradient in radiation stress is balanced by an offshore 
directed pressure gradient. In the presence of wave breaking on a shallow reef cross-reef, 
currents can also result since, unlike a beach, there is no shoreline to constrain the flow or 
support wave setup (Symonds et al, 1995).  

These wave forced mean flows are known to be important on coral reefs (Roberts and Suhayda, 
1983; Kraines et al, 1998; Kraines et al, 1999; Tartinville and Rancher, 2000; Callaghan et al, 
2006; Monismith, 2007; Lowe et al, 2009) and can have a significant impact on nutrient uptake 
in coral communities (Atkinson et al, 1994; Bilger and Atkinson, 1992; Atkinson and Bilger, 
1992; Hearn et al, 2001). However, fringing coral reefs typically have long, continuous 
stretches of reef of order several kilometres punctuated by narrow gaps of order hundreds of 
metres, while the limestone reefs off the Western Australian coast are more scattered and the 
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gaps between the reefs are often considerably greater than the scale of the individual reefs. In 
coral reef systems wave setup behind the reef limits the cross reef flow, the magnitude of the 
setup depending on the wave forcing and cross sectional areas of the lagoon and gaps. Wave-
driven flows over more isolated reefs may not be limited to the same extent and Mulligan et al 
(2008) showed local wave forcing on a relatively small reef in the middle of a much larger bay 
affected circulation over a considerable fraction of the bay area. In an earlier study just a few 
kilometers north of the current work Pattiaratchi et al (1995) speculated the effects of waves 
may influence the circulation in the immediate vicinity of the reefs, though no observations 
were available to support this, and across the wider lagoon they conclude the effects of wave 
forcing could be neglected.  Using the same data Zaker et al (2007) conclude the momentum 
balance in the lagoon is dominated by wind stress and bottom friction with a smaller but 
significant contribution from an alongshore pressure gradient. In contrast to these earlier 
studies this paper reports observations of wave-forced currents in the vicinity of the reefs and, 
during periods of large waves, the effects of wave forcing dominate and are felt across the 
lagoon. 

1.4.2 Methodology 

Between July 2007 and May 2008 in situ measurements of waves, currents and water properties 
were made on and around a series of reefs off Perth, Western Australia. The field site is 
characterised by a series of shallow limestone reefs about 3km offshore, the depth over the top 
of the reefs varies between 1 to 4m. The bathymetry is shown in Figure 1.28 where the filled 
areas represent depths less than 4m showing the distribution of shallow reefs.  
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Figure 1.28. Site location and instrument array. The  contours are bathymetry. The filled light 
gray areas are where the shallow reefs are located with a water depth of less than 4m. 

The field program consisted of in situ measurements of waves, currents and water properties at 
11 sites shown in Figure 1.28 using a variety of point current meters and profiling ADCPs, 
wave gauges and multi-sensors measuring temperature, salinity, oxygen, Photosynthetically 
Active Radiation (PAR), and fluorescence. The array was deployed four times throughout the 
year-long program, each deployment being 6-8 weeks duration. A summary of the deployment 
schedule and measured parameters is shown in Table 1.2. A CTD survey, including surface and 
bottom nutrient and chlorophyll measurements, on a grid of 30 stations was completed at 
approximately monthly intervals at the times shown at the bottom of Table 1.2. These data are 
described elsewhere in this report.Nortek Vector Velocimeters (sites ADV1, ADV2, ADV3, 
and ADV4 in Figure 1.28) were deployed on the shoreward edge of the reefs in depths of 4-6m 
with Nortek Aquadopps (Acoustic Doppler Current Profilers) in the channels between the reefs 
(sites AQ1, AQ2 in Figure 1.28). Two multi-sensors were also deployed; one inside the lagoon 
and one further offshore (sites MS1 and MS2 respectively in Figure 1.28). MS1 was deployed 
in about 8m water depth with a Seabird SBE19plus measuring near bottom temperature, 
salinity, depth, PAR, oxygen and fluorescence. MS1 was also equipped with a Seabird SBE26 
measuring waves and tides and an RDI ADCP measuring vertical profiles of mean currents. 
MS2 was deployed approximately 4km seawards of the reef line in 25m water depth and was 
equipped with a Seabird SBE19plus 15m above the bottom measuring the same parameters as 
MS1. Below the SBE19plus were four Seabird SBE37 Microcats measuring conductivity, 
temperature and depth at 5, 7.5, 10 and 12.5 m above the bottom. Also at MS2 was a Seabird 
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SBE26 measuring waves and tides. A Nortek AWAC with Acoustic Surface Tracking was 
deployed just seawards of the reef line (site AWAC in Figure 1.28) measuring wave height and 
direction and mean current profiles in 15m water depth. Finally two RDI ADCP’s were 
deployed in the lagoon to the north and south of MS1 measuring mean current profiles at sites 
RDIN and RDIS in Figure 1.28. 

An aim of the measurement program was to identify the role of waves and storm events in 
driving the circulation and exchange between the lagoon and offshore so, where possible, the 
instruments were set to resolve water motion associated with surface waves, requiring sampling 
rates of 1Hz or more. Table 1.3 summarises the instrument setup. The Vectors were set to 
measure 2048 samples at 1Hz every 2 hours. Cell size in Table 1.3 refers to the size of the 
depth bins used in the ADCP profiles. In addition to the estimated limits in battery power and 
memory usage bio-fouling is also a major problem in these shallow waters. To ensure the 
highest quality data the array was deployed for approximately 6 weeks and then recovered to 
download data, replace batteries and clean sensors and mooring frames. During the first 
deployment a number of instruments were buried in sand to varying degrees, though only one 
(ADV4) was completely buried. On all subsequent deployments the moorings were deployed 
on reef or seagrass beds to avoid burial. The data return is shown in Table 1.2. In summary, no 
data are available at ADV4 for deployments 1 and 2 and at ADV1 for deployments 3 and 4. At 
ADV2 data from deployments 1 and 4 have been discarded and at ADV3 data from deployment 
1 have not been used. The pressure data from all the ADV sites during deployment 1 appears to 
be good, the pressure sensor continuing to measure the wave induced pressure even after it was 
buried. Data from AQ1 for deployment one were also suspect due to partial burial, and the 
ADCP at MS1 failed in deployment one. 
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Table 1.2. Deployment schedule according to site na me (column 1), the instruments deployed at each sit e (column 2) and the parameters measured 
(column 3); u,v,w horizontal and vertical velocity components, T temperature, S salinity, chl-a chlorophyll, PAR Photsynthetically  active radiation, P mean 
pressure, Pw wave resolving pressure. 
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Table 1.3. Sampling parameters. 

Site ID Instrument Sampling rate 

(Hz) 

Burst length 

(s) 

Measure
ment 
Interval  

(hours) 

Cell 
size 

(m) 

RDIN RDI ADCP 
300kHz 

2 300   1 0.5 

MS1 

 

SBE26 

   Tides 

   Waves 

RDI(600kHz) 

 

4 

2 

2 

 

 

1200  

300   

 

0. 5 

6 

1 

 

 

 

0.5 

RDIS RDI ADCP 
300kHz 

2 300   1 0.5 

MS2 

 

SBE26 

   Tides 

   Waves 

 

4 

2 

 

 

1200  

 

0.5 

6 

 

AQ1 Aquadopp 
600kHz 

6 1800 1 1 

AQ2 Aquadopp 1MHz 6 600 1 0.5 

ADV1 Vector 1 2048  2  

ADV2 Vector 1 2048  2  

ADV3 Vector 1 2048 2  

ADV4 Vector 1 2048 2  

AWAC 

 

AWAC 

   Profile 

   Waves 

 

 

1 

 

600 

2048  

 

1 

2 

 

0.5 

 



DOWNSCALED HYDRODYNAMIC MODELS 

WAMSI Node 1 Project 1 Annexure A • 30 June, 2011 43 

1.4.3 Results 

In addition to the observations at the sites described in the previous section a permanent 
directional wave buoy is maintained off Rottnest Island about 40 km south west of the field site 
at 32o05’39’’S, 115o24’28’’E in a depth of 48m (see Figure 1.28). Data from the wave buoy for 
the duration of the field program are shown in Figure 1.29. The study site is exposed to long 
period (T ~ 12s) Southern Ocean swell with maximum wave heights peaking at over 5m in 
winter. The biggest storm events occurred during the first deployment with a couple during the 
second and fourth deployments. As the waves propagate towards the coast the wave height is 
reduced due to refraction and partial shadowing from Rottnest Island. Linear regression 
between the root-mean-square wave heights at the AWAC (Hrms(AWAC)) and Rottnest Island 
(Hrms(RI)) gives 

 )(6.)( RIHrmsAWACHrms =  (1) 

with a correlation r=0.93. A further reduction in root-mean-square wave height occurs between 
the AWAC and MS1 sites due to wave breaking over the reefs and bottom friction, the linear 
regression given by 

 )(42.)1( AWACHrmsMSHrms =  (2) 

with r=0.95. In the remaining text, unless otherwise stated, Hrms refers to the root-mean-square 
wave height at the AWAC. 

 

Figure 1.29. Rottnest wave and wind data. The grey shaded blocks mark the periods of the four 
deployments. 

Previous studies in this region have concluded the nearshore alongshore currents are wind 
driven and the current speed is reasonably predicted using 2.5-3% of the wind speed (Feng et 



DOWNSCALED HYDRODYNAMIC MODELS 

WAMSI Node 1 Project 1 Annexure A • 30 June, 2011 44 

al, 2006; Zaker et al, 2007). In Figure 1.30 the depth averaged alongshore currents at the 
AWAC from all four deployments are plotted against the alongshore wind.   

 

Figure 1.30. Depth averaged alongshore current (Vc) at the AWAC versus alongshore wind (Vw).  

The alongshore currents are correlated with the alongshore wind, r=0.67, and the corresponding 
regression is given by, 

 wc VV 01.01. +−=  (3) 

where Vc is the alongshore depth averaged current at the AWAC and Vw is the alongshore wind. 
Shorewards of the reef line at RDIS there is considerably more scatter between the depth 
averaged alongshore currents and the alongshore wind as shown in Figure 1.31.  

 

Figure 1.31. Depth averaged alongshore current (Vc) at RDIS versus alongshore wind (Vw). 
Black dots at times when Hrms <1.5m and grey dots w hen Hrms >1.5m. 

 

The grey and black points in Figure 1.31 correspond to times when Hrms at the AWAC is 
greater than 1.5 m and less than 1.5 m respectively. The strongest currents are towards the 
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south when Hrms >1.5m, often occurring when the wind speed is small, and at times are 
opposed to the wind. After discarding data at times when Hrms>1.5m the correlation is 0.5 and 
the linear regression given by 

 
 

wc VV 005.003. +=
 (4) 

where Vc is the depth averaged alongshore current at RDIS.  

 

Figure 1.32. Depth averaged alongshore current (Vc) at RDIN versus alongshore wind (Vw). 
Black dots at times when Hrms <1.5m and grey dots w hen Hrms >1.5m. 

Similarly, at RDIN the scatter between the depth averaged alongshore current and the 
alongshore wind, shown in Figure 1.32, is reduced by discarding data at times when Hrms 
>1.5m. In this case the correlation is 0.72 and the regression given by 

 wc VV 008.02. +=  (5) 

where Vc  is the depth averaged alongshore current at RDIN. Using (4) and (5) the wind driven 
component of the alongshore currents can be subtracted from the depth averaged alongshore 
currents at RDIS and RDIN respectively. The resulting residual currents at RDIN and RDIS are 
plotted against Hrms for all four deployments in Figure 1.33a and Figure 1.33b respectively. 
During periods of low waves there is little correlation but when Hrms exceeds about 1.5m the 
correlation improves, with northward currents at RDIN and southward at RDIS. During 
deployment 1 RDIN was recovered earlier than RDIS, missing a storm event during which time 
RDIS recorded some of the strongest southward currents.  
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Figure 1.33. Depth averaged alongshore current (Vc) minus the wind forced component (Vw) at 
(a) RDIN and (b) RDIS plotted against Hrms at the AW AC from all four deployments. 

ADCP’s were located in channels between reefs at sites AQ1 and AQ2 (see Figure 1.28) where 
the mean wave-driven flows are offshore. At these sites a wind driven component was present 
in both the alongshore and cross-shore currents and was subtracted using a linear regression 
derived using data from periods of low waves as above. The residual cross-shore flows are 
shown in Figure 1.34 plotted against Hrms at the AWAC. At both sites offshore flows are 
associated with larger waves. At AQ2 strong offshore currents up to 0.5 m/s are associated with 
larger waves. Note that data at AQ1 for deployment one is not used due to the partial burial of 
the instrument frame. 

At the reef sites where the four ADV instruments were deployed, the cross-reef flows are often 
shorewards, into the lagoon, during periods of high waves. There was little correlation with the 
cross-shore wind at these sites and we have not attempted to remove a wind forced component 
from the currents which are shown in Figure 1.35 plotted against Hrms at the AWAC. 

 

Figure 1.34. Depth averaged cross-shore currents (U c) minus wind forced component (Uw) at 
(a) AQ1 and (b) AQ2 plotted against Hrms at the AWA C for all deployments.  
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After discarding data, as discussed in the previous section, positive cross-reef currents (directed 
into the lagoon) are associated with larger waves at all the ADV sites. At sites ADV3 and 
ADV4 the cross-reef currents are reasonably well correlated with wave height, even under quite 
small waves at ADV3. At ADV1 the currents are weaker and only start to show a correlation 
with wave height when Hrms >2m. At ADV2 the currents are also weak but are correlated with 
wave height when Hrms>1m. 

 

Figure 1.35. Cross-shore currents at sites ADV1,…,4 plotted against Hrms at the AWAC; (a) 
ADV1 (deployments 1 and 2 only); (b) ADV2 (deployment s 2 and 3 only); (c) ADV3 (deployments 
1, 2 and 3 only); (d) ADV4 (deployments 3 and 4 only ). 

During periods of high waves we also observe an increase in sea level shorewards of the reef 
line relative to offshore. Shown in Figure 1.36 is the difference in sea level between MS1 and 
MS2 plotted against Hrms at the AWAC showing a significant increase in mean sea level at 
MS1 relative to MS2 when Hrms>1.5 m. 

 

Figure 1.36. Difference in sea level δζδζδζδζ between MS1 and MS2, versus root-mean-square wave 
hieght at the AWAC. 
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The data presented here demonstrates that wave forcing becomes important in driving mean 
currents shorewards of the reef line when Hrms at the AWAC reaches about 1.5m. As 
discussed in the introduction, to force significant mean flows across the reefs the waves must 
be big enough to break causing a cross reef gradient in the radiation stress. A measure of depth-
induced wave breaking is obtained by comparing root-mean-square wave height in front of the 
reefs (at the AWAC) with wave height at the back reef locations (at the ADV sites), as shown 
in Figure 1.37. The root-mean-square wave heights at the ADV sites were calculated from the 
frequency spectra of bottom pressure, converted to surface wave height using linear wave 
theory. For low waves the root-mean-square wave heights are similar at the AWAC and ADV 
sites. However, as the offshore wave height increases we begin to see a reduction in wave 
height at the ADV sites relative to the AWAC. The point at which the ADV observations begin 
to diverge varies for the different sites; at ADV3 the data diverge when Hrms>0.5m at the 
AWAC, while the other sites begin to deviate when Hrms>1.5m. The reduction in wave heights 
at the ADV sites reflects depth induced wave breaking over the reefs, and the onset of breaking 
at ADV3 at a lower wave height can be attributed to shallower water over the reef crest at 
ADV3. The earlier onset of breaking at ADV3 also accounts for the correlation between cross-
reef current and quite small waves at ADV3 shown in Figure 1.35. Given the observations at 
RDIS and RDIN presented previously, the wave height seawards of the reef line needs to be 
greater than 1.5m before the effects of wave forcing are felt across the lagoon between the reefs 
and the shoreline.  

1.4.4 Modelling 

The numerical model XBeach has been use to simulate the depth-averaged wave-driven 
circulation (Roelvink et al, 2009). The wave field is obtained using a simplified time dependent 
wave action balance equation to give the directional distribution of the frequency 

 

Figure 1.37. Root-mean-square wave heights at ADV1…4  versus Hrms at the AWAC for the four 
deployments. The straight line has a slope of one. 

integrated wave action density (Holthuijsen et al, 1989). This time varying wave action balance 
includes refraction, shoaling, current refraction, bottom friction and wave breaking. The model 
forcing can accommodate non-stationary, time varying incident wave energy and the 
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corresponding bound long wave (van Dongeren et al, 2003), but in this study the model has 
been run in stationary mode, forced at the offshore boundary with observed Hrms, wave period 
and direction from the AWAC. In the current application the model domain is 269x440 cells 
and the grid size is 30x30 m. The wave model provides the spatial distribution of wave action, 
and therefore wave energy, which is then used to evaluate the radiation stress terms in the depth 
averaged, shallow water equations to obtain the mean flows. To account for higher bottom 
roughness over the reefs we introduced a depth dependent drag coefficient following Daily and 
Harleman (1966), 

 
2

25

C

g
CD =  (6) 

where g is gravitational acceleration and C is given by, 

 02.0

αh
C =  (7) 

where h is the water depth and α=1/3. 

In the absence of wind, gradients in the radiation stress provide the primary forcing. While the 
direct forcing due to depth-induced wave breaking is confined to the relatively small and patchy 
reefs the effects on the circulation are seen across the model domain. In Figure 1.38 the 
eastward and northward velocities are plotted for the case where wave forcing at the offshore 
boundary is given by Hrms=2.2m, T=14s and direction=266o. In the vicinity of the reefs the 
circulation is spatially variable with onshore flow over the reef crests (sites ADV1…4) and 
offshore flow in the channels (sites AQ1 and AQ2). At RDIS the flow is southward and at 
RDIN the flow is generally weaker and towards the northeast, all of which is in general 
agreement with the observations. The corresponding sea level is shown in Figure 1.39.  

 

Figure 1.38. (a) Eastward, (b)Northward velocity com ponents from XBeach with offshore wave 
forcing of Hrms=2.2m, T=14s and direction=266o. + i ndicate instrument locations (see Figure 
1.28 for site names) 

The onshore flow over the reefs causes an increase in mean sea level between the reefs and 
shoreline which in turn produces alongshore pressure gradients which drive the southward flow 
at RDIS and northward flow at RDIN. In this case (Hrms=2.2m) the maximum lagoon setup is 
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approaching 20cm and about 8cm at the MS1 site compared with about 4 cm in the 
observations for the same wave height from Figure 1.36. The corresponding velocity vectors in 
the vicinity of the reefs are shown in Figure 1.40 showing the spatial variability with local 
recirculation around the reefs and general southerly flow between the reefs and shore.  

 

Figure 1.39. Mean sea surface elevation from XBeach with the same offshore wave forcing as 
Figure 1.38. 

Qualitatively the model results are similar to the observations; a more quantitative assessment 
is made by comparing modelled and observed currents at the measurement sites. To investigate 
the wave-driven currents we focus on the high wave events, most of which occurred during 
deployment one.  
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Figure 1.40. Velocity vectors from XBeach in the vici nity of the reefs, with the same offshore 
wave forcing as Figure 1.40. 

In Figure 1.41 model data comparisons for deployment 1 are shown at RDIS, RDIN, and AQ2 
(data at other sites during deployment one are not usable for reasons discussed previously).  
The selected period covers several high wave events. The ADCP at RDIS was left in the water 
for considerably longer than the other instruments and captured a bigger wave event on August 
26-27.  The model does quite poorly predicting wave heights at MS1 during periods of low 
waves, being almost constant with offshore wave height. This might suggest the model wave 
height at MS1 is depth-limited due to too much breaking over the reefs, although attempts to 
reduce the breaking led to poorer model/data comparisons elsewhere. At RDIS and RDIN the 
model and data are in good agreement though the modeled currents at RDIN are relatively 
weak. At AQ2 the model tends to overestimate the offshore flow when the waves are low, but 
during the high wave event fromJuly 30 to August 1, the agreement is good. The strongest 
currents were observed at RDIS and AQ2; at both sites the model agrees well with the 
observations.  

Model data comparisons for deployment 2 at three ADV sites (ADV1, ADV2, and ADV 3) and 
AQ1 are shown in Figure 1.42. At ADV3 the model does exceptionally well, but not so good at 
the other sites. At ADV2 there is very good correlation between model and data, but the model 
consistently overestimates the currents by about 0.1m/s. This discrepancy remains unexplained. 
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Figure 1.41. Model (circles and crosses) and observ ations from deployment one. At top 
significant wave height (Hsig) at the AWAC and MS1 s ites, in bold and thin lines respectively. 
Below are the corresponding alongshore currents (Vc)  at RDIN, RDIS and cross-shore currents 
(Uc) at AQ2. 

 

Figure 1.42. Model (circles and crosses) and observ ations from deployment two. At top 
significant wave height (Hsig) at the AWAC and MS1 s ites, in bold and thin lines respectively. 
Below are the corresponding cross-shore currents (U c) at sites ADV1, ADV2, ADV3 and A. 
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1.4.5 Discussion 

The temperate reefs considered in this study are patchy, narrow with little or no reef flat, deep 
such that only larger waves break over them, and separated from land by a deep (~10m) and 
wide (~3km) lagoon. In comparison coral reefs are often more continuous, have wide reef flats, 
the reef crest is usually very shallow so that even small waves break, and the lagoons are often 
quite shallow. In both cases high dissipation over the reefs causes locally large gradients in 
radiation stress which can drive strong currents in the direction of wave propagation. Away 
from the reefs the dissipation is low and the radiation stress gradients are no longer sufficient to 
drive the flow and, in the absence of any other forcing, continuity constraints cause the pressure 
field to adjust to accommodate the flow across the reefs. Analytic solutions reported by 
Symonds et al (1995) and Gourlay (1996a,b) show how the balance between the radiation stress 
gradients forcing the cross reef current and the corresponding adjustment in the pressure field 
vary with reef geometry and wave forcing over an idealised one dimensional reef. In the two 
dimensional case the pressure field must also adjust to accommodate the alongshore flow 
(Lowe et al, 2009) as shown in Figure 1.39 where the north-south pressure gradient at the RDIS 
site is responsible for the observed southerly flow. Similarly a south-north pressure gradient 
drives a northerly flow at RDIN. Through this adjustment of the pressure field the effect of 
wave forcing due to depth-induced breaking over the very patchy reefs, with relatively small 
areal extent, is felt across the lagoon several kilometers removed from the reefs. In Figure 1.40 
it is also apparent that there is considerable local recirculation in the immediate vicinity of the 
reefs. The high spatial variability associated with the local recirculation around the reefs might 
explain some of the discrepancies between model and data. Zaker at al (2002) modeled the 
circulation in a region just north of our study site and concluded that wind forcing was 
dominant through most of the year. The results presented here show, during large wave events 
(Hrms>1.5m), wave forcing dominates over local wind producing spatially variable currents 
with onshore flow over the reefs, offshore flow between the reefs and alongshore flow in the 
lagoon behind the reefs.  
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2. COUPLED HYDRODYNAMIC AND BIOGEOCHEMICAL 
MODELS  

Jim Greenwood, Liejun Zhong, Peter Craig, Ming Feng  and Karen Wild-Allen 

CSIRO Marine and Atmospheric Research 

Objective 2: Coupled hydrodynamic and biogeochemical models and a quantitative 
nutrient budget for coastal waters at shelf and lagoon scales. 

2.1 Shelf-scale 

2.1.1 Introduction to shelf-scale biogeochemical mo delling 

The seasonal dynamic of chlorophyll a on the continental shelf along the south west WA coast 
is characterised by a surface minimum during the summer and a surface maximum during the 
winter, which coincides with a peak in pelagic primary production (Koslow et al. 2008), and a 
peak in zooplankton biomass and grazing (Koslow, pers. com.). The lack of strong wind-driven 
upwelling along this coast severely limits nitrogen in the pelagic ecosystem, accounting for the 
low summer primary production on the shelf. There have been various suggestions to explain 
the cause of the shelf-wide winter increase in chlorophyll a (Lourey et al. 2006, Koslow et al. 
2008, Thompson et al. 2011). 

The work presented in this section is designed to improve understanding of the shelf 
biogeochemical dynamics, and quantify the fluxes of nitrogen on and off the shelf that, in turn, 
define the observed patterns of primary production and chlorophyll biomass. The results from a 
number of different model experiments are described. Collectively, they provide valuable new 
information about the influence of upwelling, mesocale eddies and convective mixing on 
biological production. The work also highlights the importance of the recycling of nutrients on 
the shelf, and introduces a new hypothesis about the role of waves in mediating the release of 
nutrients from the shelf sediment.     

2.1.2 Background/Settings 

The dynamics of the seasonal evolution of chlorophyll a at the continental shelf break around 
32 degrees south has been investigated using a one-dimensional numerical BGC model. The 
results show that a combination of vertical mixing associated with the Leeuwin Current and 
surface cooling during the winter months is responsible for the wintertime increase in 
chlorophyll a concentration at the shelf break (Greenwood and Soetaert, 2008). In addition, 
variation in the timing and magnitude of the winter increase in chlorophyll is shown, for the 
first time, to relate to the strength of the Leeuwin Current (Figure 2.1). It is important to 
establish how these shelf-break processes relate to the seasonal chlorophyll dynamics on the 
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mid- and inner-shelf. This challenge is taken up in Section 2.1.4 by using a three-dimensional 
model to try and simulate the seasonal shelf chlorophyll dynamics. 

  

Figure 2.1. Increase in the magnitude of the autumn  chlorophyll a signal in the Leeuwin Current 
at 32S between 1998 and 2005 in response to increase d Leeuwin Current strength (indicated by 
Fremantle sea level). Reproduced from Greenwood and  Soetaert (2008). 

A nitrogen budget has also been constructed for the Western Australian shelf from Shark Bay 
to Cape Leeuwin based on a range of observations throughout the region (Feng and Wild-Allen, 
2010) (Figure 2.2). The budget has provided some important basic findings. The budget shows 
that terrestrial and atmospheric inputs to the continental shelf off western WA are small (<1%) 
compared to preliminary estimates of nitrogen derived from Leeuwin Current advection and 
eddy activity (8%) and seasonal upwelling along the shelf (7%). By closure, the budget 
suggests that 84% of primary production is recycled on the shelf, suggesting that even 
considering the uncertainties in the flux estimates, the continental shelf off the west coast of 
WA is primarily a recycling system. Elsewhere in the world similarly narrow shelves are 
typically export systems, while this preliminary budget suggested that just 7% of the shelf 
productivity off WA was transported offshore and 5% exported to the deep ocean. The 
importance of the sediment nutrient flux to the overall shelf nutrient budget suggests that it 
plays a leading role in fuelling the phytoplankton production on the shelf. This implies that 
production may peak in the winter in response to a peak in the sediment nutrient flux. In 
Section 2.1.3, a mechanism is proposed to support this hypothesis. The idea is further tested in 
the context of a three-dimensional model in Section 2.1.4. 
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Figure 2.2. Preliminary shelf nitrogen budget derive d from observations (unit: gN m -2y-1) 
(reproduced from Feng & Wild-Allen, 2010).  P denote s pelagic production and the 
contributions from benthic production (B) are given  in brackets.  D denotes organic detritus.  

2.1.3 A 1-D shelf model to test seasonal variation in the sediment 
nutrient flux 

The flux of nutrients from shelf sediments has been identified as a major component of the 
shelf nutrient budget (Figure 2.2). The sediment nutrient flux is likely to vary seasonally (e.g. 
as a result of changes in temperature or hydrodynamic forcing) and may explain in part the 
seasonal pattern of plankton in shelf waters. The relative influence of temperature and passing 
surface-waves on the seasonality of this flux is examined here with the use of a one-
dimensional coupled physical biogeochemical model. 

The mineralisation rate, and the flux of nutrients from shelf sediments to the overlying water 
column, is strongly affected by the circulation of pore water, which transports substrates and 
reactive solutes to and from microorganisms that are attached to the sand grains. Pore-water 
circulation within permeable sediments is known to be enhanced by the passage of surface 
gravity waves over a seabed, especially when it is rippled (Webb and Theodor, 1968; Riedl et 
al., 1972; Webster and Taylor, 1992; Webster, 2003). An increase in wave energy can therefore 
increase the mineralisation of organic matter (Shum and Sundby, 1996), releasing dissolved 
nutrients and stimulating enhanced algal production (Marinelli et al., 1998). The southwest WA 
shelf is covered in coarse-grained, highly permeable, sandy sediment that is strongly rippled 
making it highly susceptible to hydrodynamic forcing associated with surface waves. We 
explore whether the flux of dissolved nitrogen from the sediment, and pelagic algal production, 
are impacted by changes in the surface wave conditions. Evidence presented here in support of 
this hypothesis is based on the analysis of seasonal and inter-annual variations in chlorophyll a 
and wave height on the inner shelf, and results from a 1-D model (Greenwood, 2010). 
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Chlorophyll a and wave height display similar seasonal variation, and the monthly averages of 
wave height and chlorophyll a are strongly correlated (n=84; r=0.8; p<0.001) (Figure 2.3A). 
This high correlation is partly due to the similarity in the phase of the seasonal cycle of the two 
variables. Accordingly, when the data is filtered to remove the seasonal correlation, the strength 
of the correlation is reduced. Even so, a linear relationship between waves and chlorophyll a 
remains statistically significant (n=84; r=0.42; p<0.001), with more than 70% of the positive 
(negative) chlorophyll anomalies above (below) 0.1 mg Chla m-3 associated with positive 
(negative) wave height anomalies (Figure 2.3B).  

 

 

A B 

 

Figure 2.3. Comparison of monthly averages (A) and monthly anomalies (B) of chlorophyll and 
wave height. Reproduced from Greenwood, 2010.  

The 1-D model used here considers aspects of water column and sediment nitrogen cycling (see 
Greenwood, 2010 for full details). Various temperature and wave-dependent parameterisations 
of the sediment mineralisation rate have been tested with the model. Only those which included 
wave-forcing were able to reproduce the correct seasonal and inter-annual variations in water-
column chlorophyll (Greenwood, 2010). The best results were obtained when the sediment 
mineralisation rate was parameterised as the square of the wave-height (Figure 2.4). This result 
is consistent with theory on the variation in pore-water flow with changing wave height for 
rippled seabeds (Shum, 1993). 
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Figure 2.4. Comparison between satellite (red line)  and model simulated surface chlorophyll 
when sediment mineralisation is parameterised in th e model either as a linear (black line) or 
quadratic (blue line) function of wave height (uppe r panel). The lower panel shows the 
corresponding modelled variation in sediment minera lisation rate. Reproduced from 
Greenwood, 2010. 

2.1.4 A 3-D model simulation of phytoplankton produ ction and nitrogen 
cycling on the shelf   

Model description 

A coupled three-dimensional hydrodynamic-biogeochemical model (ROMS) has been 
configured for the southwest shelf off Western Australia. The primary task of the model is to 
simulate seasonal changes in phytoplankton chlorophyll concentrations and help quantify 
seasonal fluxes of nitrogen on and off the shelf. The model domain extends from the coast to 
offshore 108oE and from 35oS (Cape Leeuwin) to 21oS (the North West Cape). The horizontal 
resolution in cross-shore direction varies between 2 km and 4 km from the coast to the 1000 m 
isobath and then increases to 8 km at the oceanic boundary. The alongshore resolution varies 
from 3 km to 8 km. There are 30 vertical levels with refinement in the top 200 m. Full details of 
the hydrodynamic model are given in chapter 1. 

The biogeochemical model describes pelagic and benthic aspects of nitrogen cycling. The 
pelagic model is NPZD in nature following Fasham et al. (1990), and includes seven state 
variables: phytoplankton (PHY), zooplankton (ZOO), nitrate (NO3), ammonium (NH4), small 
and large detritus (SDET and LDET), and phytoplankton chlorophyll (CHL) (Figure 2.5). In 
previous applications of this model, the sediment has typically been parameterised as a 
reflective lower boundary condition (Soetaert et al., 2000), where the flux of sinking detritus is 
returned instantly to the bottom water-column layer as an ammonium flux (Fennel et al., 2006). 
In the present study however, the lower boundary influx of ammonium is uncoupled from the 
lower boundary deposition flux of detritus, to allow a time-dependence for the mineralisation of 
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organic matter in the sediment to be imposed. In this case, the imposed ammonium influx is 
depth dependent and confined to the inner shelf (<50m). The flux is also seasonally adjusted, 
using a basic sine function, and arranged to reach a maximum during mid-June. This approach 
was employed to approximate the link between the release of nitrogen from the sediment and 
wave height established by Greenwood (2010) (see previous section). The annual seabed influx 
of ammonium is nominally balanced by sinking of phytoplankton and detritus that is allowed to 
leave the model domain at the lower boundary. Following the 1-D model results (Greenwood,  
2010), it is hypothesised that net release of nitrogen from the sediment during the winter will be 
balanced by net accumulation of nitrogen during the summer.     

 

 
  

Figure 2.5. Biogeochemical model schematic (used in  4-D simulations) showing main 
compartments and fluxes.  

Initial and boundary conditions for nitrate are taken from the CSIRO Atlas of Regional Seas 
climatology (Ridgway et al., 2002). All other biological variables are set initially, and at the 
boundaries, to a homogenous small value of 0.1 mmol N m-3. All biological variables are 
allowed to evolve freely throughout the model interior.  The model was integrated for 4 years 
from January 2000 to December 2003 and the solution for 2003 is compared with observations.  

Large-scale features 

The performance of the biogeochemical model is assessed by comparison with satellite or ship-
based observations of surface and sub-surface chlorophyll distributions. The modelled nitrate 
field is also compared with the CARS nitrate climatology. The annual mean modelled 
distribution of chlorophyll on the shelf generally agrees well with satellite observations (Figure 
2.6). However the model tends to underestimate the chlorophyll on the shelf north of the 
Abrolhos Islands, and does not reproduce the relatively high signal, that is seen in the satellite 
data, in the immediate vicinity of the Abrolhos Islands (Figure 2.6). The model reproduces the 
seasonal peak of chlorophyll in August, and the subsequent decay during September and 
October (Figure 2.7). However, the model gets the timing of the onset of the winter increase 
late by about 1 month and underestimates chlorophyll concentrations throughout the year 
(Figure 2.7). The timing of the winter increase of shelf chlorophyll in the model is primarily 
associated with the shape of the sine function that is used to impose the seasonally biased 
sediment nutrient flux. The 1 month lag in the model result suggests that either the sine 
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function is not an adequate representation of the true wave signal, or that there are other 
processes responsible for chlorophyll production during the autumn that are not captured by the 
model. The exact cause of the underestimation of chlorophyll concentrations is unknown, but 
may result either from inaccuracies in the growth and loss rates of phytoplankton, or an under-
estimation in the supply of dissolved nitrogen to the shelf.            

  

Figure 2.6. Annual mean chlorophyll (mg m -3) simulated by the model (right) and estimated from  
SeaWiFS (left). 

 

 
 

 

Figure 2.7. Mean monthly surface chlorophyll (mg m -3) simulated by the model (blue line) and 
estimated from SeaWiFs (red line) for shelf region s hown in Figure 2.6.  

The model accurately simulates the depth and steepness of the nitracline in offshore waters 
compared with climatology (Figure 2.8). The characteristic downward tilting of the >1 mmol N 
m-3 contours against the shelf-edge during the autumn and winter, is also well reproduced by the 
model. However, the model does not show the upward sloping of the 0.5 mmol N m-3 contour 
seen in the climatology during autumn and winter. This suggests that the model may be 
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underestimating the flux of nitrate onto the shelf. Since this occurs during the autumn and 
winter it may have important implications for the winter increase in chlorophyll on the shelf.         

 

(A) 

 

(B) 

 

Figure 2.8. Monthly nitrate climatology (A) and mod el simulated mean monthly nitrate (B) along 
30oS (mmol N m -3). The same contour intervals are used in all panel s. 
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Sub-surface chlorophyll and upwelling 

A deep chlorophyll maximum (DCM) is frequently observed in offshore and outer-shelf waters 
along the southwest WA coast (Hanson et al., 2005; 2007, Twomey et al., 2007; Koslow et al., 
2008). For example, Twomey et al. (2007) observed an extensive DCM across the study region 
between 24 October and 9 November 2003 that is compared here with the model. The DCM 
observed by Twomey et al. (2007) resulted in an increase in depth-averaged chlorophyll at the 
shelf edge that is accurately reproduced in the model simulations (Figure 2.9). The vertical 
structure of the DCM is also well reproduced by the model (Figure 2.10). 

 

 

A 

L 

 

Figure 2.9. Depth integrated chlorophyll (mg m -2) simulated by the model (left hand panel) and 
reproduced from Twomey et al. (2007) (right hand pa nel). Model output is averaged over exactly 
the same period as the data was collected by Twomey  et al. (2007). Concentration range is the 
same in both panels. 
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Transect A Transect L 

 

Figure 2.10. Vertical structure of the DCM along sec tions ‘A’ and ‘L’ (shown in Fig 2.9) 
simulated by the model (upper colour panels) and re produced from Twomey et al. (2007) (lower 
panels). Model output is averaged over the five day s before (and including) the day that the data 
were collected by Twomey et al. (2007). Concentrati on range (mg m -3) is the same in all 4 
panels.  

The plots shown in Figure 2.10 show evidence of upwelling (particularly along ‘Transect L’). 
This is consistent with earlier reports of wind-driven upwelling at 34oS (Gersbach et al. 1999). 
Upwelling in the model is intermittent and extends throughout the summer months at many 
locations along the southwest WA shelf in response to wind-forcing. This is evident in surface 
maps of chlorophyll that show elevated chlorophyll concentrations either along the shelf edge 
or at the coast (Figure 2.11), and in cross-sections of nitrate and chlorophyll (Figure 2.12). The 
model gives information for the first time about the spatial extent and temporal nature of the 
biological response to wind-driven upwelling along this coast. 
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Figure 2.11. Map of modelled surface chlorophyll (m g m -3) on 11 th Feb. Transects 1, 2 and 3 are 
plotted in Fig 2.12.  



COUPLED HYDRODYNAMIC AND BIOGEOCHEMICAL MODELS 

WAMSI Node 1 Project 1 Annexure A • 30 June, 2011 70 

 

 

1 

3 

2 

 

Figure 2.12. Chlorophyll (mg m -3) (in colour) and nitrate concentration (mmol N m -3) (white 
contour lines) along transects at 27 °S (upper panel , #1), 30 °S (middle panel, #2) and 31 °S 
(lower panel, #3) on 11 Feb 2003. Location of trans ects 1, 2 and 3 are shown in Figure 2.11. 

Meso-scale features 

Phytoplankton concentrations are known to be higher in anticyclonic (warm-core) eddies than 
in cyclonic (cold-core) eddies along the west coast of Australia. The elevated phytoplankton 
concentrations observed in the anticyclonic eddies are thought to be the result of the 
entrainment of nitrogen-rich shelf-water during eddy formation (Greenwood et al., 2007; Dietze 
et al., 2009). This entrainment is often seen in satellite chlorophyll images as thin filaments of 
chlorophyll that extend offshore. As the eddies mature, detach from the Leeuwin Current, and 
move westward, they take with them a surface signature of chlorophyll resulting in isolated 
‘patches’ of chlorophyll in offshore water. Evidence of this is seen in maps of surface 
chlorophyll from both the satellite, and the model (Figure 2.13). Sequential images from the 
model reveal the complete entrainment and export process (Figure 2.14). 
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Figure 2.13. Comparison of surface chlorophyll (mg m-3) estimated from SeaWiFS (left) and 
simulated by the model (right) on 28 th May 2003. Concentration scales are the same in bot h 
panels. 

 

 

Figure 2.14. Surface maps of model simulated surface  chlorophyll (mg m -3) (colour map) and 
sea surface temperature ( oC) (white contour lines) every 5 days from 1 st May until the 9 th June 
2003, between 26 °S and 34 °S. 
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2.1.5 Discussion   

1-D modelling 

Following from the 1-D model results (Section 2.1.3), it is proposed that enhanced sediment 
pore-water flow associated with large amplitude surface waves during the winter increases the 
sedimentary mineralisation rate of nitrogen in the sediment, which releases dissolved nitrogen 
to the overlying water column. This seasonal increase in sediment nitrogen flux drives pelagic 
phytoplankton production, accounting for the observed correlation between chlorophyll a 
concentration and surface-wave height (Figure 2.3). Finally, during the summer months the 
sediment mineralisation lowers again, allowing organic matter to accumulate in the sediment 
and balancing the annual sediment nitrogen budget.  

3-D modelling 

A nitrogen budget for the southwest WA shelf has been derived by diagnosing the simulated 
fluxes of particulate and dissolved nitrogen from the 3-D model across the shelf boundaries 
(across two cross-shelf transects at 27S and 34.5S and across the 100 m isobath) as well as 
deposition and release of nitrogen at the seafloor (Figure 2.15). Inputs of dissolved nitrogen are 
at the seafloor and across the shelf break, and losses of particulate nitrogen result from 
gravitational settling and horizontal advection. 
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Figure 2.15. Nitrogen budget for the southwest WA s helf. Fluxes are in 10 9 mol N yr -1. 



COUPLED HYDRODYNAMIC AND BIOGEOCHEMICAL MODELS 

WAMSI Node 1 Project 1 Annexure A • 30 June, 2011 73 

The dissolved flux across the shelf break is the result of intermittent upwelling during the 
summer months (Figure 2.16). The upwelling events are short-lived and coincide with the 
appearance of chlorophyll in surface waters along the shelf-break and coast as seen, for 
example, in Figure 2.11. The annual flux of dissolved nitrogen across the shelf break estimated 
here is equivalent to 0.1 g N m-2 yr-1 (based on a shelf area of 6.23x1010 m2) which is 10 times 
smaller than the annual areal upwelling flux estimated by Feng and Wild-Allen (2010). Feng 
and Wild-Allen (2010) considered a much larger shelf area, and based their upwelling flux on 
an estimate of offshore Ekman transport between North West Cape and the Abrolhos (assuming 
that no upwelling occurs south of the Abrolhos), and a deep compensation inflow nitrogen 
concentration of 1µM. Analysis of upwelling events simulated by the present model between 
Shark Bay and Cape Leeuwin (Figure 2.12), suggest that the compensation inflow is fairly 
shallow with a nitrogen concentration of between 0.1-0.2 µM. Concentrations of 0.2 µM nitrate 
have typically been observed in upwelled waters between Shark Bay and Cape Leeuwin 
(Gersbach et al., 1999; Twomey et al., 2007). It is likely that the estimate made by Feng and 
Wild-Allen (2010) is not applicable for the region between Shark Bay and Cape Leeuwin.  

The main loss of particulate nitrogen from the shelf occurs across the shelf-break and the 
southern boundary as a result of eddy export and Leeuwin Current advection (Figure 2.16). 
Most of this loss occurs during the autumn and winter months when the Leeuwin Current 
transport and eddy kinetic energy are greatest. The annual flux of particulate nitrogen is 
equivalent to 1.0 g N m-2 yr-1 which matches the estimate made by Feng and Wild-Allen (2010). 
However, this represents a much larger proportion of the overall shelf production than in the 
budget of Feng and Wild-Allen (2010) (Figure 2.2), and contradicts their earlier assertion that 
the WA shelf, despite being narrow, exports very little fixed carbon into the offshore.             

  
 

dissolved 

particulate 

 

Figure 2.16. Modelled seasonal input (positive) and  removal (negative) of dissolved and 
particulate nitrogen for the southwest WA shelf. Eac h bar represents a 3-day mean.  
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Figure 2.17. Modelled annual mean efflux (left) and  deposition (right) of nitrogen at the seafloor 
(mmol N m -2 d-1). 

The flux of dissolved nitrogen at the seabed has previously been estimated between 0.5 and 2.0 
mmol N m-2 d-1 (Rosich et al. 1994). The flux imposed in the model varies seasonally and 
spatially with a maximum annual mean in the nearshore region of 0.5 mmol N m-2 d-1 (Figure 
2.17) representing a conservative estimate compared with the measured fluxes. The total annual 
flux for the southwest WA shelf amounts to 1.4 g N m-2 y-1 which is about 4 times smaller than 
the flux estimated by Feng and Wild-Allen (2010) by closure of their model. Roughly 40% of 
this seafloor input of dissolved nitrogen is balanced by deposition of particulate nitrogen at the 
seafloor (Figure 2.17) with the remaining 60% being advected off the shelf. This result is 
contrary to the behaviour of the 1-D model (Section 2.1.3) where winter release of nitrogen 
from the sediment is balanced by summer accumulation. It is essential that the two balance if 
the theory of wave-driven nutrient supply from the sediment is to hold. 

That more than half of the phytoplankton biomass in the model, fuelled by nutrients from the 
seabed, is advected off the shelf rather than being deposited back to the seafloor, may indicate 
that the settling velocities of particulate nitrogen in the model are too small. Higher settling 
velocities would have the effect of retaining more of the nitrogen biomass on the shelf. There is 
much uncertainty concerning the settling velocities that should be used in biogeochemical 
models with estimates ranging from 0.009 to 25 m d-1 (Lima and Doney, 2004). Since there is 
no data on sinking velocities available for the WA shelf, the values used in the present model 
were taken from a recent modelling study for the Middle Atlantic Bight (Fennel et al., 2006) 
and are at the low end of the global range (0.1 to 1.0 m d-1). Model sensitivity to sinking 
velocity is currently an active area of research.   

The release of nutrients from the sediment has been shown both in the box model (Section 
2.1.1) and in both the numerical models (Sections 2.1.3 and 2.1.4) to be an important aspect of 
the shelf nutrient dynamics. In addition, the inclusion of seasonal variation in the supply of 
dissolved nitrogen from the sediment has proved to be important in the 1-D and 4-D numerical 
simulations. Wave forcing has been proposed to explain the source of this seasonal variation. 
When this effect was included, both models (1-D and 4-D) captured the seasonal peak in 
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chlorophyll on the shelf (Figure 2.4 and Figure 2.7). Without it, neither model was able to 
simulate increased chlorophyll on the shelf during winter. This suggests that the sediment play 
an important role in mediating seasonal phytoplankton production on the shelf. However, until 
the 4-D model can be shown to balance release of dissolved nitrogen from the sediment during 
winter with deposition of particulate nitrogen during the summer (as in the 1-D model), 
attribution remains an open question.  

 

2.2 Lagoon-scale 

2.2.1 Introduction to lagoon-scale BGC modelling 

During the biophysical sampling of the Marmion Lagoon (Figure 1.28), high nitrate 
concentrations were repeatedly observed in the vicinity of the limestone reef in both surface 
and bottom water (see chapter 3). Four contrasting examples of this are shown in Figure 2.18. 
A major question concerns the source of the nitrate seen in each of these maps. A sewage 
outfall located to the north of Marmion Lagoon is known to be the cause of elevated 
concentrations of surface nitrate in surrounding waters (Thompson & Waite, 2003). However, 
this cannot explain finding high nitrate at the bottom (as well as the top) of the water column in 
Marmion Lagoon (since the sewage effluent is buoyant). This has led investigation into 
alternative explanations for the high levels of nitrate around the reef. The observed variation in 
concentration and spatial distribution of nitrate between surveys (for example, between the 8th 
Nov 2007 and the 6th Feb 2008 (Figure 2.18)) must also be explained. These questions are the 
main subject of this section of the report.      

Key Findings  

• Variation in the timing and magnitude of the winter increase of chlorophyll at the 
shelf break is related to the strength of the Leeuwin Current. 

• Primary production on the continental shelf off the west coast of WA appears to be 
largely fuelled by recycled nitrogen.  

• Evidence has been found that the flux of dissolved nitrogen from the sediment, and 
pelagic production on the inner shelf, are linked to surface wave conditions. 

• Model results suggest that short-lived wind-driven upwelling events occur 
throughout the region between Shark Bay and Cape Leeuwin during summer 
months bringing deep-water nitrate to the surface.  

• Model results confirm the role of warm-core eddies in the entrainment and export of 
particulate nitrogen from the shelf.  
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Figure 2.18. Distribution of nitrate (mmol m -3) in the Marmion Lagoon on four separate 
occasions. Where samples were collected for surface  and bottom water, the two values have 
been averaged. Blue circles show the sample locatio ns. The red asterisk in the bottom right 
panel marks the location used for the box model cal culations presented in section 2.2.3. 

2.2.2 Passive tracer experiments using a 4-D model 

To help identify the source of the nitrate observed in the vicinity of the Marmion reefs, a series 
of simulated dye release experiments have been conducted using a high resolution version of 
the ROMS hydrodynamic model configured for Marmion Lagoon. The hydrodynamic model 
was found to produce good agreement with measured currents during periods of low waves (not 
shown).  

In the simulated dye-release experiments, a flux of dye with a magnitude of 8.0×10-4 Kg m-2 s-1 
is added at two specified locations on the seabed (Figure 2.19). The dye flux is added 
constantly across a single 50×50 m model cell. The resulting depth-averaged distributions of 
dye are compared with depth averaged measured distributions of nitrate. The model is run for 
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four separate periods corresponding to the instrument deployments described in chapter 1 (see 
Table 1.2).  

 

 

  

Figure 2.19. Location of seabed dye flux used in th e model simulations.    

The four nitrate distributions shown in Figure 2.18 were collected on separate days during each 
of the four deployments, providing one map of nitrate for each deployment. These four maps of 
nitrate are compared with modelled dye distributions calculated on the same day (Figure 2.20 
and Figure 2.21). For each comparison depth-averaged hourly values of the modelled dye field 
are averaged, in time, for the hours (usually about 6 hours in total) over which the 
measurements were made. The model data is then re-sampled at the same spatial resolution as 
the field samples, and interpolated onto the same grid that is used to contour the observations.   
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Figure 2.20. Comparison of modelled dye (Kg m -3) (A) and measured nitrate (mmol N m -3) (B) 
fields on 18 th July 2007 (during deployment 1). Note that the mea sured nitrate concentrations 
are a factor of 2 bigger than the modelled dye conc entrations. 

 

(A) (B) 

 

Figure 2.21. Comparison of modelled dye (Kg m -3) (A) and measured nitrate (mmol N m -3) (B) 
fields on 8 th November 2007 (during deployment 2).  
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Figure 2.22. Comparison of modelled dye (Kg m -3) (A) and measured nitrate (mmol N m -3) (B) 
fields on 6 th February 2008 (during deployment 3).  

 

(A) (B) 

 

Figure 2.23. Comparison of modelled dye (Kg m -3) (A) and measured nitrate (mmol N m -3) (B) on 
25th March 2008 (during deployment 4).  

The results show general similarity between modelled surface dye and measured nitrate fields 
(Figure 2.20 to Figure 2.23) suggesting that the various observed nitrate distributions are 
consistent with the release of nitrate from two separate locations on the seabed. The best 
overall agreement between the modelled dye and measured nitrate fields are obtained for 
deployment 3 (Figure 2.22).    
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Evidence that the lagoon circulation is the primary factor in determining the concentration and 
spatial pattern of nitrate in the lagoon is provided by the unusually low concentrations of nitrate 
measured during deployment 2 (75% less than during deployment 3) which are closely 
reflected in the modelled surface dye field (Figure 2.21). In the model these reduced dye 
concentrations result from strong wind-driven flow to the north.  

Simulation of deployment 1 shows some agreement in terms of the spatial distribution of 
modelled dye and measured nitrate, but the dye concentrations are a factor of 2 smaller than the 
measured nitrate concentrations (Figure 2.20). This particular nitrate survey (July 18th 2007) 
was conducted during mid-winter and represents some of the highest nitrate concentrations 
recorded (1-2 mmol N m-3) suggesting that the magnitude of the seabed nitrate flux may be 
higher during the winter. The spatial distribution of dye for deployment 4 (Figure 2.23) 
indicates some offshore transport in the southern reef section that is not evident in the measured 
nitrate distribution, suggesting that the modelled currents were inaccurate. 

The modelled dye release experiments reveal rapid changes in the surface dye field in response 
to changes in the lagoon circulation. This is best demonstrated for deployment 3 by comparison 
of 6 consecutive days of dye distribution (Figure 2.24). The implication of the high temporal 
variability in the modelled dye fields is that the measured nitrate distributions are themselves 
rather transient features. In fact, many of the features of the four nitrate distributions shown in 
Figure 2.18 are mirrored in the 6-day sequence of dye distributions. This further implies that 
the location and to some extent the magnitude of the nitrate source is relatively constant in 
time, but that the distribution of surface nitrate differs primarily because of changes in lagoon 
circulation.  

  

1st Feb 2nd Feb 3rd Feb 

4th Feb 5th Feb 6th Feb 

 

Figure 2.24. Daily variation in modelled surface dy e (Kg m -3) distribution (averaged between 
9am and 3pm) between the 1 st and 6 th February 2008 (during deployment 3).  
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2.2.3 Discussion of Lagoon modelling results 

The results of the dye release experiments indicate that the observed nitrate distributions in 
Marmion Lagoon are consistent with the release of nitrate from two separate locations on the 
seabed. Rapid change in the surface dye fields, in response to changes in circulation, suggests 
that the observed nitrate fields are highly transient features. Knowledge about the temporal 
variability in the dye fields, and the similarity between the spatial distributions of depth-
averaged dye and nitrate (especially during deployments 2 and 3), provides good evidence that 
the nitrate is originating from the seabed. The process responsible for the release of nitrate from 
the seabed is more difficult to determine. 

One hypothesis is that the nitrate originates from biologically mediated nitrification of organic 
matter on the reef. For example, there is evidence from elsewhere in the world that sponges (in 
association with cyanobacteria) can be a significant source of nitrate in both temperate and 
tropical shallow water (Diaz and Ward, 1997; Jiménez & Ribes, 2007; Southwell et al., 2008). 
Sponge mediated nitrification rates can be relatively large. Estimates range from 0.3×10-4 to 
1.5×10-4 mmol N m-2 s-1 (Diaz and Ward, 1997; Jiménez & Ribes, 2007; Southwell et al., 2008). 
At these rates a reef area of 50,000 m2 would probably provide enough nitrate to account for 
the concentrations measured in Marmion. However, this would represent a much more diffuse 
source than the two point sources used in the present model, and it is likely that the resultant 
distributions would look quite different. Since it is yet to be established whether sponge 
mediated nitrification is occurring on the Marmion reefs, this idea has not been pursued here 
any further.    

Another hypothesis is that the nitrate originates from the submarine discharge of ground-water. 
Since, significant nitrate inputs to Marmion Lagoon from groundwater have already been 
established to occur along the beach (Johannes & Hearn, 1985), this idea is examined in more 
detail. For this hypothesis to be valid, nitrate-rich ground water would need to be transported 
beneath the seabed, via conduits in the limestone, and discharge along the offshore reef line. 
This type of artesian aquifer is common along many coasts (Zektzer et al. 1973), and it is 
hypothesised that it may also be a feature of the Marmion geology. Submarine ground-water 
nitrate concentrations in the Marmion area were reported in 1980 to be about 30 mmol N m-3 
(Johannes, 1980). More recently the groundwater nitrate levels in this area have reportedly 
increased to about 200 mmol N m-3 (average of 4 sites) as a result of urbanisation (Appleyard, 
1995). This includes nitrate levels as high as 400 mmol N m-3, throughout the saturated aquifer, 
measured at a nearby bore in the Whitfords area (a few km’s to the north of Marmion) 
(Appleyard, 1995). A flux of 1×10-3 mmol m-2 s-1 (roughly equivalent to the magnitude of the 
flux used in the dye release experiments for the southern section of reef by converting Kg dye 
into mmol of nitrate), and a groundwater nitrate concentration of 200 mmol N m-3 would 
suggest a ground water flow rate of about 5×10-6 m s-1. This is similar to an estimated flow rate 
of groundwater for the Swan coastal plain of 3×10-6 m s-1 (Allen, 1981). 

A box model approach is used to check the validity of the groundwater hypothesis and also to 
calculate the change in salinity that would be expected with this kind of input of freshwater. A 
50×50 m box (equivalent to one grid cell in the 4-D model) centred on a sample location in the 
southern reef section (shown on the bottom right panel of Figure 2.18 by the red asterisk) is 
considered with an average water depth of 5m. This point coincides with the highest nitrate 
concentration measured at the southern reef section during deployment 4 with a depth averaged 
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nitrate value of 0.52 mmol N m-3. Mass and volume conservation is assumed so that influx 
(from long-shore advection and groundwater) and efflux (into the lagoon) of volume, nitrate 
and salt are balanced. The conceptual model is shown in Figure 2.25. 
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Figure 2.25. Schematic of the box model showing inpu t and output fluxes, where x, y and h are 
the dimensions of the box (m), V indicates a velocit y (m s -1) and C indicates a tracer 
concentration (e.g. mmol N m -3 for nitrate)  
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The long-shore velocity (v1) is taken to be 0.05 ms-1 (the approximate long-shore velocity 
measured during deployment 4 around the time of the nitrate survey) and the upstream 
concentration of nitrate and salt (C1) are set at 0.1 mmol N m-3 and 35 respectively. Ground 
water velocity (v2) and nitrate concentration (C2) are taken to be 5×10-6 m s-1 and 200 mmol N 
m-3. Ground water salinity (C2) is assumed to be zero (i.e. freshwater). From these velocity and 
tracer concentration estimates, and the use of the above equation, a mean nitrate concentration 
of 0.3 mmol N m-3 and a mean salinity of 34.97 (a drop of 0.03) is calculated for the area 
considered. The box-model surface nitrate estimate is 0.2 mmol N m-3 less than the depth 
averaged concentration of nitrate measured during deployment 4. The estimated drop in salinity 
is very small compared with the range of variation typically seen in the surface salinity fields 
across the lagoon (Figure 2.26). This may partly explain why the observed salinity distribution 
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does not clearly mirror the nitrate distribution (Figure 2.26). It is also possible that the box 
model has overestimated the impact on salinity by assuming that the inflowing groundwater has 
a salinity of zero. Saltwater intrusion is a common feature of submarine groundwater dynamics, 
and often results in salty groundwater discharge.  

 

  

Figure 2.26. Distribution of depth averaged salinit y (colour contours) measured in Marmion 
Lagoon on 25 th March 2008. Depths less than 5 m are shaded grey t o show the position of the 
sub-merged limestone reef.  

Overall, the modelled dye experiments, and box-model calculations, provide some support to 
the groundwater hypothesis. The dye experiments show that the observed nitrate fields are 
generally consistent with the continuous addition of nitrate at 2 fixed locations on the reef 
(although the exact location of these inputs is unknown). The box model calculations show that 
the results are consistent with a groundwater velocity of 5×10-6 ms-1 and a groundwater nitrate 
concentration of 200 mmol N m-3 , in approximate agreement with field estimates of 
groundwater flow rate (Allen, 1981) and nitrate concentration (Appleyard, 1995). If this is true 
then submarine groundwater discharge of dissolved nitrogen may be playing a crucial role in 
supporting the reef ecosystem right the way along the Perth coast-line. This in turn would have 
important implications for the management of groundwater in the Perth metropolitan area. 
Meanwhile, biological sources of nitrate cannot be ruled-out.  
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3. IMPROVED DESCRIPTIONS AND CONCEPTUAL 
MODELS 

Objective 3: Improved descriptions and conceptual biogeochemical models for shelf and 
lagoon waters incorporating seasonal and interannual variability and improved 
representation of benthic primary production and bentho-pelagic coupling. 

3.1 Lagoon Observations 

Mat Vanderklift, Martin Lourey, Joanna Strzelecki, Doug Bearham, Fiona Graham, Damian  
Thomson, James Mclaughlin, Ryan Downie, John Keesin g and Russ Babcock. 

CSIRO Marine and Atmospheric Research 

3.1.1 Introduction 

Shallow nearshore ecosystems along the lower west coast of Australia are characterised by a 
high biomass of benthic autotrophs. Seagrasses form extensive meadows in soft sediments, 
while macroalgae, especially large brown macroalgae such as kelp, dominate rocky surfaces. 
The annual biomass production of these autotrophs can be very high, with both seagrasses and 
macroalgae capable of producing several kilograms of biomass (dry weight) in a single square 
metre of seafloor each year. This biomass production does not occur evenly over the year, but 
appears to be somewhat seasonal. 

This high production occurs in a system with typically high light and water movement, but also 
low nutrients. The factors that allow high rates of benthic production to be favoured over 
pelagic production, and those that lead to seasonal patterns in production, were therefore key 
foci of this project. Previous studies of production have been typically limited to a few sites at a 
time. However, spatial variation in production can be large, so that results obtained from some 
places do not apply elsewhere – potentially leading to over- or underestimates of the 
importance of production to an ecosystem. An additional focus was on quantifying and 
understanding the causes of this spatial variation. As part of the research towards addressing 
these questions, we undertook a comprehensive survey program to measure spatial and 
temporal patterns in temperature, salinity and nutrients (which included re-analysis of historical 
datasets), and laboratory- and field-based measurements of primary production by key benthic 
autotrophs. Part of this program included measurements of environmental variables (such as 
light) that might help explain the observed patterns in production. 

Seasonal patterns in production can also provide some insights into the ways in which 
production is transferred through the ecosystem. For example, seasonal decreases in biomass 
suggest that detritus might be an important source of nutrition for higher trophic levels. This 
possibility is supported by observations that little of the seagrass or macroalgae production is 
directly grazed, and that exchange of material among habitats is considerable. Suspension- and 
deposit-feeding invertebrates are also an important link between benthic and planktonic food 
webs, and they might play an important role in cycling of this detritus. However, the 
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ecosystem-level role of herbivores, filter feeders and deposit feeders are quite poorly 
understood. We investigated these potential pathways in several ways. First, we surveyed the 
biomasses of the different functional groups of invertebrates in reef, seagrass and sand habitats; 
this involved re-analysis of extensive historical data on the biomass of suspension feeders in 
Marmion Lagoon. Second, we attempted to evaluate the role of plant detritus in secondary 
production by measuring the importance of different sources of production to suspension 
feeders, using blue mussels Mytilus edulis as a model. Third, we extended this investigation to 
encompass measurements of rates of direct grazing on macroalgae, and rates of filtering by 
suspension feeders. 

The high rates of benthic primary production, coupled with the low rates of direct grazing of 
this production, suggests that suspension feeders and detrital food webs are sustaining higher 
trophic levels. However, the magnitude of the importance of the links is quite unknown. We 
therefore investigated how much of this production might in turn flow to higher trophic levels 
by measuring predation on one group of suspension feeders. Like the investigation into the 
sources of production sustaining filter feeders, we selected the common blue mussel Mytilis 
edulis as a model. 

3.1.2 Lagoon Biophysical Measurements 

Methods 

30 sampling stations were distributed along six east – west transects across Marmion Lagoon. 
Conductivity, temperature and depth (CTD) profiles of the whole water column were obtained 
at each station using a calibrated Seabird SBE 911. Fluorescence profiles were collected using 
a separate fluorometer. Bottle samples were collected from the surface and bottom and 
analyzed for nitrate+nitrite, ammonium, silicate and phosphate using a LACHAT® flow 
injection instrument. Chlorophyll a samples for calibration of the Flourometer were collected at 
3 stations on each transect by filtering 1 litre of water onto a Whatman GF/F™ filter. Filters 
were stored frozen until extracted in 90% acetone and analysed for chlorophyll a on a 
calibrated Turner Designs model 10 AU fluorometer.  

Results 

Temperature 

The lowest temperatures (17.2°C) were observed on the July survey (Figure 3.1). The highest 
(up to 24.8°C) were observed on the February cruise (Figure 3.1). This temperature range is 
similar to those observed in this area previously (Lourey & Kirkman 2009). During winter 
(May - August) inshore waters were cooler than those outside the reef, while in summer 
(December –March) the shallower areas (and particularly the shallow bank in the north of our 
domain was warmer than further off shore reflecting the smaller volume of water in the lagoon 
and limited exchange. Inshore temperature ranged between 17.2 and 24.8°C, outside the reef it 
range from 18.2 to 24.2 (Figure 3.1). 
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Figure 3.1. Spatial variations in temperature (ºC) c ollected on 11 monthly cruises in Marmion 
Lagoon. Sampling stations are represented by the blu e points 

Salinity 

Salinity patterns were variable (Figure 3.2). There were instances where salinity was lower 
outside the reef than in the lagoon (i.e., July, and March) while in other instances it was fresher 
in the lagoon (November and May) possibly reflecting recent regional variations in 
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precipitation/ground water discharge and evaporation (Figure 3.2). In addition a north to south 
gradient was also common with the isobars tending off shore in the north in October, March 
and May possible reflecting greater input of freshwater to the north (Figure 3.2). An isolated 
patch of fresh water was observed over the reefs in August and may indicate the input of 
ground water (Figure 3.2). 
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Figure 3.2. Spatial variations in salinity collected  on 11 monthly cruises in Marmion Lagoon. 
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Nitrate 

Nitrate concentrations tended to be highest over the reef areas (Figure 3.3). The area of 
elevated nitrate was distributed over both the northern and southern reefs (Figure 3.3). The 
highest nitrate concentrations (i.e. >2µM) were universally in the north of our domain, either as 
a contained patch of high nitrate water over reef (i.e. August and September) or as a gradient 
potentially indicating a source further north (May) (Figure 3.3) . The reefs typically have a high 
biomass of macroalgae (Kirkman 1981) and abraded plant material (particularly small pieces of 
seaweed tips) and may be a source of labile organic matter for remineralisation and release of 
constituent nutrients. Filter feeders have been recognised as important recyclers of pelagic 
particulate organic matter (POM) in hard bottom habitats (Ribes 2005) and substantial 
assemblages of filter feeding organisms are common on local reef systems (Hatcher 1989). An 
association between nitrifying bacteria and some species of sponge results in them excreting 
nitrate rather than ammonium (Jiménez 2007). Limestone reefs may be conduits of 
contaminated groundwater which is generally high in nitrate (Johannes 1980). We would 
expect groundwater discharge to appear as a patch of low salinity water immediately above the 
reef and this was evident in August along with a patch of high nitrate (~2 µM) in the same area 
(Figure 3.3). Similar high nitrate patches over reefs did not coincide with areas of low salinity 
so the influence of groundwater as a nitrate source remains speculative. In some cases there is a 
north south gradient and it is possible that there is advection of nutrient rich water into our 
study area from the north. While it is possible that this nitrate source is the sewerage outfall 
located to the north of our domain, its influence is thought not to extend this far from the 
discharge point (Thompson 2003).  
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Figure 3.3. Spatial variations in nitrate ( µµµµM) collected on 11 monthly cruises in Marmion Lagoo n. 
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Ammonium  

Ammonium concentrations were generally low (<0.1µM) (Figure 3.4). However, slightly 
elevated ammonium concentrations (0.2 – 0.4µM) were observed particularly over southern 
reefs in February, May and September (Figure 3.4). Ammonium is a direct product of 
remineralisation by bacteria or excretion and elevated levels over reefs suggest a reef based, 
biotic nutrient source such as filter feeders. 

Phosphate 

Phosphate distributions were similar to nitrate in May June, July and August (Figure 3.5). In 
November – February phosphate levels were a little higher inshore than expected based on 
nitrate (Figure 3.5). Phosphate is not limiting in these waters and the reduced demand compared 
to nitrate explains the difference in distribution (Lourey et al. 2006). 

Silicate 

Silicate levels were generally highest inshore near the coast indicative of land based sources 
and near shore runoff (Figure 3.6). Consistent with runoff (or ground water) being the dominant 
source of silicate in the lagoon, winter levels were higher than those measured in summer 
(Figure 3.6). 
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Figure 3.4. Spatial variations in ammonium ( µµµµM) collected on 11 monthly cruises in Marmion 
Lagoon. 
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Figure 3.5. Spatial variations in phosphate ( µµµµM) collected on 11 monthly cruises in Marmion 
Lagoon. 
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Figure 3.6. Spatial variations in silicate ( µµµµM) collected on 11 monthly cruises in Marmion 
Lagoon. 
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3.1.3 Historical nitrate analysis 

Methods 

Study area 

We present historical surface water nitrate data collected at a range of temporal scales (weekly 
to hourly) with the aim of better understanding nutrient resupply mechanisms to Marmion 
Lagoon (Figure 3.7). The study area is offshore from Mullaloo Point, with one station located 
in about 6 m of water outside the reef (station A); a station approximately 50 m east of Station 
A located 10 m inside the reef in 7 m of water (station B); and a station 30 m from the beach 
(station C) (Figure 3.7). Comparison with samples collected from similar habitats suggest each 
station is representative of similar areas within the lagoon (Lourey and Kirkman 2009). 
Samples were taken at least weekly during fine weather (less than 25 knots) at station A and C 
between March 1980 and June 1984 (Figure 3.7). A more intensive sampling regime (daily) 
was conducted at all three stations during September 1983 and at stations B and C from June 
until August 1984 (Figure 3.7). On two occasions (from 27th–28th of July and 2nd–7th August 
1985) an ISCO automatic water sampler was used to collect hourly water samples at station B. 

 

Figure 3.7. Map of the study. The three main statio ns, A, B and C are labelled (grey squares), as 
is the location of the wave rider buoy (black squar e). The grey circles are the three north-south 
transects occupied to examine spatial variations. 

At each station, a 20 L bucket of surface seawater was collected from the seaward side of the 
boat and a 250 mL sample taken from the bucket for analysis. The samples were filtered (0.4 
µm Millipore membrane) and analysed i for dissolved nitrate and nitrite by the method of 
Strickland and Parsons (1972). Wave height data (H1, the most probable value of the height of 
the highest wave) were collected between the 7th of June 1984 and the 17th of October 1984 



IMPROVED DESCRIPTIONS AND CONCEPTUAL MODELS 

WAMSI Node 1 Project 1 Annexure A • 30 June, 2011 99 

from a Wave Rider buoy situated within Marmion Lagoon around 500 m south of the shore 
(station C) site (Figure 3.7). 

Results 

Nitrate concentrations varied considerably between weekly (Figure 3.8), daily (Figure 3.9 
Figure 3.10) and even hourly (Figure 3.11) sampling events. Not surprisingly, in an area such as 
this where the surface waters are strongly nitrogen limited, large nitrate increases between 
sampling trips were equally rapidly depleted. Although not necessarily “new” nitrogen, these 
nitrate pulses appear to make a considerable contribution to maintaining primary producers in 
Marmion Lagoon. Over the course of each of the daily sampling periods, nitrate accumulation 
during the periods where nitrate increased between sampling trips was 6.2 µM (average of 0.26 
µM day-1 for the period) in September 1983 (Figure 3.9) and 18.7 µM (an average 0.35 µM day-

1 for the period) from June to August in 1984 (Figure 3.10). Annually, the average of the two 
daily flux measurements would correspond to an effective flux of around 111.5 µM for the year 
or, in 7 m of water, 7.8 x 105 µM m-2 yr-1 (10.9 gN m-2 yr-1). 

 

Figure 3.8. Mean weekly dissolved nitrate concentra tions ( µµµµM) of station A, reef (open circles) 
and station C, shore (closed circles) sites. 

 

Figure 3.9. Top: Daily nitrate concentration ( µM) in September 1983 taken at two reef sites 
(stations A located outside and B located inside, o pen circles and closed triangles, 
respectively) and the shore (station C, closed circ les) site.  



IMPROVED DESCRIPTIONS AND CONCEPTUAL MODELS 

WAMSI Node 1 Project 1 Annexure A • 30 June, 2011 100 

 

Figure 3.10. Top: Daily nitrate concentration ( µµµµM) from late June until late August (winter) 1984 
at reef (station B, open circles) and shore (statio n C) sites. Bottom. Six-hourly average wave 
height in the Lagoon for the period from late June until late August (winter) 1984. The shaded 
areas in both upper and lower plots are periods whe re measured wave heights are over 1.5m.
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Figure 3.11. Four hourly means of nitrate concentra tion of hourly samples taken by ISCO 
automatic water samplers on two occasions. 

This annualised nitrate flux is comparable with the estimated nitrate recycling flux required to 
balance the whole-of-shelf nutrient budget (6.2 gN m-2 yr-1) and our flux estimates are likely to 
be conservative as the calculations only consider the flux attributable to observable increases in 
nitrate and do not consider the depletion due to uptake by phytoplankton during and between 
the periods of accumulation. The observed flux calculated above combined with the 
unquantified uptake during periods of accumulation suggest that on an areal basis, shallow 
areas such as Marmion Lagoon may make a particularly important contribution to the overall 
shelf nutrient budget. 

Generally, ammonium is the direct product of the decomposition of organic material. Nitrate, 
the compound measured here is derived from this ammonium by bacterial nitrification. In this 
system, rapid ammonium consumption by autotrophs would leave little scope for conversion of 
significant amounts to nitrate. It is perhaps more likely that the remineralisation and 
nitrification processes that generate the nitrate observed here are isolated from the autotrophic 
biota. Porewaters trapped by surface sediment layers may provide the conditions required for 
nitrification of ammonium to nitrate. 

The short lived pulses of nitrate suggest that the mechanism that generates them is dynamic. On 
average, nitrate concentrations were highest in winter (although there was considerable 
interannual variability in the timing and magnitude of the winter maxima) between June and 
August (Figure 3.12). Winter is the high wave energy period and physical processes may 
generate the nitrate pulses observed here and as such sustain primary production. Wave data 
coinciding with the collected nitrate data are limited and only coincide with daily samples 
collected between late June and August in 1984 (Figure 3.10). There is a general correlation 
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between periods of increased wave activity and elevated nitrate concentration (see Figure 3.13) 
although the correlation between them is not statistically significant (p = 0.17). 

 

Figure 3.12. Mean monthly (upper) dissolved nitrate  concentrations at the reef site (station A) 
for five years. The error bars are 1 standard error  about the mean. The number of samples each 
month varies. Significant differences for individual  comparisons within each year are denoted 
by letters. Months in any one year with differing l etters are significantly different from one 
another. 

 

Figure 3.13. The relationship between nitrate conce ntrations ( µµµµM) measured daily between late 
June and late August (winter) in 1984 at reef stati on B, and the corresponding wave height 
(from six-hourly measurements). The open circles ar e outliers. 

Physical processes may may release nutrients that have accumulated in the sediment porewaters 
between wave events. It may promote the remineralisation and release of nutrients bound up in 
organic carbon accumulated in rock crevices or between reefs, or large pieces of detritus lying 
on the bottom or fine grained material trapped within the surface sediments. Alternatively, the 
organic carbon could also be derived from living tissue, such as attached macroalgae and 
seagrass whose tips are physically abraded during storms. Finally it is possible that wave driven 
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variations in pressure on uneven (ridges and troughs) permeable sediments enhances pore water 
circulation within the sediments and drives it across the sediment-water interface. 

Nitrate concentrations measured outside the reef were significantly higher than those measured 
inside the reefs which, in turn, were higher than those measured inshore (Figure 3.14). This is 
not particularly surprising as the Lagoon stations (B and C) are sheltered somewhat by a series 
of offshore reefs (Figure 3.7) which dissipate some of the wave energy encountered at the outer 
station. It is possible that rates of macroalgal erosion or sediment resuspension are lower inside 
the reef due to the reduced physical forcing. The high concentrations at stations nearest the reef 
suggest that the reefs themselves may act as nutrient point sources. The reefs typically have a 
high biomass of macroalgae and abraded plant material and may be a more important source of 
labile biomass to surface waters. If most of the small organic matter decomposes on or near the 
reef or is incorporated into the sediments close by, then the reefs would appear to be a nutrient 
source. In contrast the inner station (the site with the lowest pelagic nitrate concentrations) is 
well removed from this abrading macroalgae and could be limited by a reduced fresh detrital 
supply. However, the inshore site is very shallow, disturbance is omnipresent, and the 
sediments are likely to be resuspended more often than in deeper areas and this continuous 
disturbance may not allow detritus to accumulate to an extent sufficient to generate the nitrate 
peaks observed further offshore.
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Figure 3.14. Box plots comparing the distribution o f nitrate concentrations ( µµµµM), measured daily 
during September 1983 (left) and between late June a nd late August 1984 (right) at three 
positions across the Lagoon. Station A located outsi de the Lagoon near a reef, Station B 
located inside the Lagoon and station C located nea r shore in the Lagoon. The centre line is the 
median. The notched area is the uncertainty about t he medians for box-to-box comparison 
(boxes whose notches do not overlap indicate that t he medians of the two groups differ at the 
5% significance level). Stations with differing lett ers are significantly different from one another. 
The top and bottom of the box represent the 25th an d 75th percentiles (the distance between 
the upper and lower percentiles is the interquartil e range). The error bars bound the rest of the 
data except for outliers (open circles which are da ta that are more than 1.5 times the 
interquartile range outside the 25th or 75th percen tiles). 

3.1.4 Benthic nutrient exchange 

Methods 

Sediment nutrient fluxes were quantified twice once in winter (August 2008) and once in 
summer (January 2009). At six stations within or near Marmion Lagoon (Cow Rock, AA, BB, 
MM4, MM1 and M3MRS see Figure 3.15) we collected twenty four 9.3cm ID sediment cores. 
The cores were selected from a restricted location to reduce the small scale spatial variability. 
However, if sand ridges were present cores were evenly distributed between the ridge peaks and 
troughs to average out this potential source of variability. Cores were returned to the laboratory 
and distributed into four tubs (i.e. 6 cores per tub) with a continuous flow of clean ambient 
seawater (6 litres per minute). The cores in each tub represent replicates of an experimental 
treatment. In all, there were 8 experimental treatments for each station (7 different light 
intensities and one dark incubation) achieved by conducting incubations on sequential days 
using the same cores. 
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Figure 3.15. Map of Marmion Lagoon sampling station s. 

Each experimental aquarium was illuminated by a metal halide lamp. Light exposure was 
varied using neutral density film sufficient to achieve a range of nominal light intensities up to 
1200 µmol quanta m-2 s-1. Light readings were taken with a Licor PAR meter equipped with at 
two pi PAR sensor at the beginning and end of the incubation and the irradiance used in the 
calculations represents the average of these two measurements. Heavy black plastic was 
wrapped around the bin containing the cores for the dark treatment. 

At the beginning of the incubation, each of the cores was sealed with a clear acrylic lid. The lid 
has two ports, one for sampling and the other to allow the resupply of surrounding water as 
each sample is collected. The water inside the core is stirred gently by a 4 cm Teflon coated 
magnetic stirrer bar suspended under the lid and driven by a small electric motor. Soon after 
each core was sealed a 30 ml sample of water was collected for dissolved oxygen analysis and a 
further 35 ml sample of water was collected from each core for dissolved nutrient analyses. 
This initial sampling serves as a starting reference for the incubation. Two further samples were 
collected from each core at regular intervals during the incubation. After the incubation was 
complete the lids were removed and the cores left until the next morning when the same routine 
was practiced for the remaining light intensity treatments. After the final sampling, the length 
of the sediment plug and overlying water column were measured and the sediment stored frozen 
for later geochemical analysis (chlorophyll a, sediment grain size, sediment moisture content, 
and sediment POC/PON). 

Rates of production and nutrient fluxes were calculated as the slope of the solute versus time 
relationship, normalised by the overlying water volume. Corrections were made for the 
replacement water from the ambient tank. Illuminated flux rates are the average of all 
illuminated treatments. 
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Results 

Even in dark respiration dominated treatments, nutrient flux data is dominated by consumption. 
On average, nitrate, ammonium and for the most part silicate were consumed in both the dark 
and light treatments at each of the stations (see summer silicate fluxes at Cow Rock for the 
exception) (Figure 3.16). This is to be expected in situations where oxygen is being produced as 
photosynthesis consumes any nutrients produced by remineralisation in addition to any present 
in the water column. However, in this case there was also dark uptake of nutrients. Assuming 
rates of denitrification are low (Forehead 2009), we expect bacterial processes to release 
nutrients and in the absence of photosynthesis (dark incubations). 

In general, ammonium, nitrate and silicate consumption was higher in the summer than the 
winter (Figure 3.16), presumably reflecting temperature related constraints on photosynthesis 
during winter (Colijn & Vanbuurt 1975). 
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Figure 3.16. Summer and winter sediment nutrient flu xes (mmol nutrients m-2 hr-1) at six 
stations im Marmion lagoon. The stations arranged f rom top to bottom are Cow Rocks (inner 
shelf), AA (mid shelf in Marmion Lagoon), BB (mid s helf in Marmion Lagoon), MM4 (mid shelf in 
Marmion lagoon), MM1 (Mid shelf to the north of Mar mion Lagoon) and M3MRS (outer shelf). 
The dark bars are dark fluxes (respiration) and the  light bars represent the average of all the 
irradiated treatments. 

Dark uptake of nutrients is also evident in Figure 3.17 where the majority of silicate, nitrate and 
ammonium fluxes were negative (nutrient consumption), despite many situations where 
respiration appears to dominate production and oxygen was consumed. The result is that the 
range of nutrient fluxes was small compared to the equivalent DO fluxes and the fluxes are a 
small proportion of what would be expected from the rates of oxygen production and Redfield 
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requirements of phytoplankton. This disconnection between the observed nutrient fluxes and 
what we would expect based on redfield stochiometry suggests that rapid uptake by 
microphytobenthos dominates the nutrient flux dynamics in these sediments. 

 

Figure 3.17. Relationship between oxygen production /consumption and sediment nutrient flux. 
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3.1.5 Abundance and diet of Zooplankton 

Methods 

Zooplankton was sampled in 6 stations and in MS1, MS2 and AWAC stations (Figure 3.18, 
Table 1.1). Samples for biomass analysis were collected by oblique tows of Bongo nets with 50 
cm diameter opening and 100 and 355 µm mesh nets towed from depth of the station to the 
surface. Biomass of zooplankton was determined using Ash-Free Dry Weight which is a 
measurement of the weight of organic material.  Samples were immediately preserved in 5 % 
borax buffered formalin (2 g of borax to 98 ml of 40% formaldehyde). In the lab samples from 
100 µm mesh net were size fractionated on precombusted and pre-weighted Whatman GFC 
filters. Filters were pre-combusted at 500º C for 2 hours. Samples were dried at 60º C for 48 h 
in Qualtex Solidstat oven. Samples were transferred to a desiccator and allowed to cool to room 
temperature. Next the dry samples were weighted on balance Sartorius MC1. The resulting dry 
weight was the weight of both the organic and inorganic contents of the sample. The weighted 
samples on glass fiber filters were combusted in a muffle furnace (Heraeus Electronic) starting 
at room temperature and reaching 500 ºC for 12 hours to determine ash weight. The AFDW 
(the organic content of the sample) was obtained by subtracting the weight of the ash (inorganic 
contents only) from dry weight (inorganic and organic contents). 

Chlorophyll a was used as a measure of phytoplankton biomass. Water for chlorophyll a was 
collected using Niskin’s bottles from surface and chlorophyll maximum layers. Water samples 
were filtered under low vacuum (<100 mm Hg) onto 25 mm diameter glass fiber filters 
(Whatman GF/FTM; nominal mesh size = 0.7 µ) (total phytoplankton) and 5 µm NitexTM mesh 
(large phytoplankton). Pigments were extracted overnight in 90% acetone over night in the dark 
at 4 ºC and measured using a Turner Designs model TD 700TM fluorometer and chlorophyll a 
was calculated following standard methods (Parsons et al., 1984). For the analysis we averaged 
the measurements from surface and chlorophyll maximum layers. Small phytoplankton biomass 
was obtained by subtracting large fraction biomass from total phytoplankton.  
 
Zooplankton for fatty acid analysis was sampled with Bongo nets 355 and 100 µm, 50 cm 
diameter towed obliquely from depth of the station to the surface. Zooplankton was size 
fractionated immediately. Samples from 355 µm net were sieved through 1 mm size mesh and 
organisms retained on that mesh were discarded leaving 1 mm to 355 µm fraction. Content of 
100 µm mesh were sieved through 355, 250, 150, and 100 µm mesh. Organisms retained on 355 
µm were discarded and the rest of the fractions were frozen in cryotubes in liquid nitrogen 
creating the following size fractions: 355-1000, 250-355, 150-250 and 100-150 µm. Upon 
arrival on shore samples were transferred to - 80 ºC until fatty acid analysis. Fatty acids were a 
mixture of fatty acids from the food in the guts and fatty acids assimilated into the 
mesozooplankton body tissues. Lipids were quantitatively extracted from the samples by a 
single-phase chloroform/methanol method, which was modified by substituting 
dichloromethane for the chloroform. Each sample was added to 20 ml of a 3:6:1 v/v/v 
dichloromethane/methanol/water solution and held at room temperature overnight. Samples 
were then centrifuged at 10,000rpm (Orbital 420).  After centrifugation, 10 ml of the solution 
was taken, with 10 ml of dichloromethane, followed by 10 ml of water, added and the mixture 
centrifuged again. The bottom dichloromethane solution was then concentrated using a rotatory 
evaporator under vacuum. The resulting sample was mixed with 2% sodium hydroxyl in 
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methanol refluxing for 10 minutes. Borotrifluoride-methanol complex was then added into the 
samples and mixed for 2 minutes. Finally, hexane was added. The upper hexane solution was 
transferred to a gas chromatography (GC) vial for fatty acid analysis by GC analysis. Gas 
chromatography (GC) was initially performed using a HP 5890 GC system equipped with FID 
detector and Agilent 6890 Series injector. The gas chromatograph was equipped with a 60 m x 
0.25 mm i.d. and 0.25 um BPX 70 (SGE) with hydrogen (ultra pure) as the carrier gas.  The 
initial oven temperature was set for 100°C, increasing at a rate of 2.5°C/minute to 150°C (held 
for 2 minutes).  Temperature was then increased at 1.5°C/minute to 220°C (held for 1 minute). 
Finally, the temperature increased at 12°C/minute to 250°C (held for 8 minutes). The peak 
areas were determined with an integrator (Hewlett-Packard 5890). Peak identifications were 
based on comparison of retention times with authentic and laboratory standards and subsequent 
gas chromatographic-mass spectrometric (GC-MS) analysis using an Agilent Technologies 
6890N network GC System and 5973 Network Selective Detector. Data were acquired and peak 
area quantified using ChemStation chromatography software. The abbreviated fatty acid 
nomenclature used within this paper is A:Bn-X, where A designates the total number of carbon 
atoms, B the number of double bonds, and X the position of the double bond closest to the 
terminal methyl group. Based on the fatty acid composition different biomarkers and biomarker 
ratios were used (Table 3.1). 
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Figure 3.18. Location of sampling stations. 
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Table 3.1. Sampling stations and dates. 

stations sampling times 
AWAC 28/11/2007, 9/01/2008, 6/03/2008, 8/04/2008 
MS1 13/08/2007,  28/11/2007,  9/01/2008, 6/03/2008, 8/04/2008 
MS2 13/08/2007,  28/11/2007,  9/01/2008, 6/03/2008, 8/04/2008 
S1 3/08/2007, 2/05/2008, 8/10/2008 
S2 19/02/2007, 3/08/2007, 6/05/2008,17/10/2008 
S3 19/02/2007, 3/08/2007, 6/05/2008, 17/10/2008 
S4 21/02/2007, 3/08/2007, 6/05/2008, 17/10/2008 
S5 21/02/2007, 3/08/2007, 28/04/2008, 10/10/2008 
S6 3/08/2007, 2/05/2008, 8/10/2008 

Results 

The average biomass of zooplankton (AFDW) was 0.02 g m-3 (±S.D. 0.01) and varied in time 
and space (Figure 3.19, Figure 3.20). Biomass was highest in autumn and lowest in summer, 
however the difference was not statistically significant (ANOVA, P=0.066). Zooplankton 
biomass was not correlated with total biomass, large or small phytoplankton biomass (Figure 
3.21, Figure 3.22, Figure 3.23). The biomass of zooplankton in Marmion lagoon was 
comparable to biomass in other coastal waters (Table 3.2). The temporal pattern was the same 
as in Two Rocks transect with lowest biomass in summer. Parallel increase in phytoplankton 
biomass during May to October was observed in western Australian coastal waters (Koslow 
2008). This increase could be due to increased flow of the Leeuwin Current and influx of 
regenerated nutrients from sediments or advection of the nutrients from the north (Koslow 
2008). The 355 µm size fraction comprised most of the zooplankton biomass in stations S1 to 
S6 and AWAC. In MS1and MS2 1000 µm size dominated (Figure 3.24). It is important to note 
that small zooplankton < 150 µm formed an important part of biomass ranging from 40 to 30 % 
in most stations. 

 

Figure 3.19. Biomass of zooplankton in Marmion Lago on in different stations (error bars are s.d. 
of means)  
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Figure 3.20. Biomass of zooplankton in different se asons (error bars are s.d. of means).  

 

Figure 3.21. Correlation between zooplankton biomas s and total phytoplankton biomass. 

 

Figure 3.22. Correlation between zooplankton biomas s and large phytoplankton biomass. 
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Figure 3.23. Correlation between zooplankton biomas s and small phytoplankton biomass. 
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Table 3.2. Comparison of dry weight zooplankton bio mass from different coastal zones. 

Biomass of zooplankton 
mg Dwt m-3 

Region Reference 

7-60 Kariega estuary, South Africa Froneman, P.W. 2001 Seasonal 
changes in zooplankton biomass 
and grazing in a temperate 
estuary, South Africa. Estuarine, 
Coastal and Shelf Science, 52, 
543-553 

9.9 Florida coast Hopkins, T.L. 1966 The plankton 
of the St. Andrew Bay System, 
Florida. Publ. Inst. Mar. Sci. 
Texas 11, 12-64. 

60-300 Southeastern Gulf of Mexico De la Cruz, A. 1972 
Investigaciones del plancton 
de la Plataforma sur de Cuba. 
Investigaciones Pesqueras 
Sovietico-Cubanas. VNIRO-CIP. 
Moscu. Fasciculo 2, 58-73 

0.3 - 7.5 Mexican Caribbean coast (Chetumal 
Bay) 

Gasca, R. and Castellanos, I 
1993. Zooplancton de la Bahia de 
Chetumal, Mar Caribe, Mexico. 
Rev. Biol. Trop. 41(3) 291-297. 

6-37.5 Mexican Caribbean coast (Ascencion 
Bay) 

Suarez E. and Gasca, R. 1994 
Zooplankton Biomass 
Fluctuations in a Mexican 
Caribbean Bay (Bahia de la 
Ascencion) during a year cycle. 
Caibbean Journal of Science, 30 
(1-2) 116-123 

2.6-231 Gulf of Tehuantepec, Mexico Ayala-Duval, 1996, Spatial and 
Temporal Distribution of 
Zooplankton Biomass 
in the Gulf of Tehuantepec, 
Mexico. Pacific Science, 50(4), 
415-426 

15-55 Two Rocks, Western Australia Strzelecki, J., Koslow, .A., 2006. 
Mesoplankton. In: Keesing, J.K., 
Heine, J.N., Babcock, R.C., 
Craig, P.D., Koslow, J.A. (Eds.), 
Strategic Research Fund for the 
Marine Environment Final 
Report. The SRFME Core 
Projects. Strategic Research Fund 
for the Marine Environment, vol. 
2. CSIRO, Australia, pp. 88–102. 
274pp. 
 

14-167 Coastal waters off Western Australia  Strzelecki, unpublished data 
7-103 Marmion lagoon this study 
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Figure 3.24. Size structure of zooplankton based on AFDW. 

The ratio of EPA to DHA of <1 indicated that zooplankton of all sizes was feeding mostly on 
microzooplankton except large zooplankton in MS2 (Figure 3.25) since diatoms are rich in EPA 
and dinoflagellates are rich in DHA (Dalsgaard et al, 2003). This is not unexpected in low 
nutrients waters where phytoplankton is too small to be grazed directly by zooplankton. In such 
systems microzooplankton is the main grazer of phytoplankton and they are main prey of 
zooplankton. Main food items of zooplankton were dinoflagellates, followed by diatoms, 
bacterivorous ciliates. The observed lack of 18:5 n-3 which is a marker for dinoflagellates 
suggested that zooplankton was feeding on heterotrophic dinoflagellates (i.e. lacking 
photosynthetic pigment) since only photosynthetic dinoflagellates contain this fatty acid. 
Alternatively this dinoflagellate marker was metabolised by zooplankton. However, 
photosynthetic dinoflagellates were found only infrequently in coastal waters and not found at 
all at stations further offshore during monthly surveys from 2002 to 2004 along the Two Rocks 
transect north of Perth, Western Australia yet high proportion of heterotrophic dinoflagellates 
especially in offshore waters were identified in cell counts from that region throughout the 
study. Carnivory represented relatively small part of the total diet. Carnivory markers off 
Western Australian coast increased with the distance offshore while diatom markers were 
higher in zooplankton caught inshore during Southern Surveyor cruise in 2007 (Strzelecki 
unpublished data). 
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Table 3.3. Food biomarkers used in this study. 

Fatty Acid Marker Reference 

∑16:1n-7, 16:4n-1, 

20:5n-3 

Diatoms Graeve, M., Kattner, G. and Hagen, W. (1994). Diet-

induced changes in the fatty acid composition of Arctic 

herbivorous copepods: Experimental evidence of trophic 

markers. Journal of Experimental Marine Biology and 

Ecology 182, 97-l 10.  

Bugde et al 2001 Fatty acid composition of phytoplankton 

settling particulate matter and sediments at a shelter 

bivalve aquaculture site Marine Chemistry 76 285-303 

∑18:5n-3, 22:6n-3 Dinoflagellates Dalsgaard, J., St John, M., Kattner, G., Müller-Navarra, 

D., Hagen, W. 2003 Fatty acids trophic markers in the 

pelagic marine environment. Advances in marine Biology, 

46, 225-340 

18:3n-3 Dinoflagellate, 

Prymnesiophytes 

(sometimes), non 

diatom algae, 

cryptophytes, 

haptophytes, 

flagellates 

Graeve, M., Kattner, G. and Hagen, W. (1994). Diet-

induced changes in the fatty acid composition of Arctic 

herbivorous copepods: Experimental evidence of trophic 

markers. Journal of Experimental Marine Biology and 

Ecology 182, 97-l 10. 

Dalsgaard, J., St John, M., Kattner, G., Müller-Navarra, 

D., Hagen, W. 2003 Fatty acids trophic markers in the 

pelagic marine environment. Advances in marine Biology, 

46, 225-340 

Mayzaud, P., Laureilard, J., Merien, D., Brinis, A., 

Godard, C., Razouls, S., Labat, J-P. 2007. Zzooplankton 

nutrition, storage and fecal lipid composition in different 

water masses associated with the Agulhas and subtropical 

fronts Marine Chemistry 107, 202-213 

Brett, M.T., Müller-Navarra, Person, J. 2009. Crustacean 

zooplankton fatty acid composition. in: Lipids in Aquatic 

Ecosystems, Arts, M.T., Brett, M.T., Kainz, M.J. 

eds.Springer Dordrech Heidelberg London, New York. P 

124 

18:1n-9 carnivory G. Kattner, G., Albers, C., Graeve, M., Schnack-Schiel S. 

B. 2003. Fatty acid and alcohol composition of the small 

polar copepods, Oithona and Oncaea : indication on 

feeding modes. Polar Biology, 26, 666-671 

18:1n-7 Bacterivorous Ederington, M. C. McManus, G. B. and Harvey, H. R. 

(1995). Trophic transfer of fatty acids, sterols, and a 
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Fatty Acid Marker Reference 

ciliates  triterpenoid alcohol between bacteria, a ciliate, and the 

copepod Acartia onsa Limnology and Oceanography 40, 

860-867. 

15:0, 17:0, iso and 

anteiso  

Bacteria Budge, S. M. and Parrish, C. C. (1998). Lipid 

biogeochemistry of plankton, settling matter and 

sediments in Trinity Bay, Newfoundland. II. Fatty acids. 

Organic Geochemistry 29, 1547-1559. 

Budge, S. M., Parrish, C. C. and Mckenzie, C. H. (2001). 

Fatty acid composition of phytoplankton, settling 

particulate matter and sediments at a sheltered bivalve 

auaculture site. Marine Chemistry 2001, 285-303 

∑18:1n-9, 18:4n-3  Hapthophytes Desvilettes, C.H, Bourdier, G., Amblard, C.H, Barth, B., 

1997 Use of Fatty acids for the assessment of zooplankton 

grazing on bacteria, protozoans and microalgae 

Viso, A-C., Marty, J-C., 1993 Fatty acids from 28 marine 

microalgae. Phytochemistry, 34, 1521-1533 

16:1n-7/16:0 Low ratio >1 

indicated diatom 

food web 

Kharlamenko, V. I., Zhukova, N. V., Khotimchenko, S. 

V., Svetashev. V. I. and Kamenev, G. M. (1995). Fatty 

acids as markers of food sources in a shallow-water 

hydrothermal ecosystem (Kraternaya Bight, Yankich 

Island, Kurile Islands). Marine Ecology Progress Series 

120, 231-241.  

St. John, M. A. and Lund, T. (1996). Lipid biomarkers: 

linking the utilization of frontal plankton biomass to 

enhanced condition of juvenile North Sea cod. Marine 

Ecology Progress Series 131, 75-85. 
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Table 3.4. Fatty acids in size fractionated zooplan kton. 

 Site name MS1 MS1 MS1 MS1 MS2 MS2 MS2 MS2 AWAC AWAC AWAC  AWAC  

 

Size 
fraction 

(µm) 
1000
- 355 

355- 
250 

250- 
150 

150- 
100 

1000
- 355 

355- 
250 

250- 
150 

150- 
100 

1000- 
355 

355- 
250 

250 -  
150 

150 -
100 

Saturated  % % % % % % % % % % % % 

Myristic C14:0 6.6 6.0 4.1 6.8 15.5 6.1 5.3 2.9 3.3 12.5 6.1 7.7 

Pentanoic C15:0 1.1 0.7 0.6 1.0 2.3 0.8 0.7 0.9 0.6 1.1 0.6 0.8 

Palmitic C16:0 17.5 17.5 18.0 29.8 29.9 17.1 15.1 8.0 15.4 31.0 17.7 24.0 

Margaric C17:0 1.3 0.9 0.3 0 1.8 0.9 1.1 1.6 1.2 1.5 1.0 1.3 

Stearic C18:0 6.2 5.7 7.3 10.3 8.8 5.5 6.8 3.7 7.1 10.0 6.3 7.9 

Nonadecanoic C19:0 0.2 0.2 1.9 2.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 

Arachidic C20:0 0.3 0.4 0.4 0.0 0.0 0.3 0.2 0.1 0.4 0.5 0.3 0.4 

Heneicosanoic C21:0 0.2 0.2 0.0 0.0 0.3 0.1 0.1 1.0 0.1 0.0 0.2 0.1 

Behenic C22:0 0.5 0.8 0.3 0.0 0.2 0.9 0.9 0.4 0.2 0.3 0.8 0.0 

Tricosanoic C23:0 0.0 0.1 0.0 0.0 0.2 0.2 0.1 0.3 0.1 0.0 0.1 0.0 

Lignoceric C24:0 0.9 1.2 1.4 1.8 0.0 1.1 1.5 0.8 1.2 0.3 1.2 0.8 

Cerotic C26:0 0.0 0.0 0.3 0.0 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 

Heptacosanoic C27:0 0.0 0.1 0.0 0.0 0.5 0.1 0.2 0.0 0.0 0.0 0.1 0.1 

Triacontanoic C30:0 0.1 0.0 0.0 0.0 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

 sum  34.9 33.8 34.7 52.0 60.1 33.5 32.2 19.9 29.8 57.5 34.5 43.4 

              

Branched i-C15:0 0.6 0.4 0.3 0.0 0.8 0.2 0.2 0.2 0.2 0.4 0.2 0.4 

 i-C16:0 0.5 0.2 0.3 0.0 0.2 0.0 0.0 1.0 0.2 0.0 0.1 0.1 

 i-C17:0 0.6 0.5 0.5 0.0 0.7 0.4 0.4 0.2 0.3 0.6 0.4 0.4 

 sum 1.6 1.0 1.1 0.0 1.7 0.6 0.6 1.4 0.8 1.0 0.7 1.0 

Monounsaturated              

Palmitelaidic C16:1n-7t 0.3 0.4 0.0 0.0 0.4 0.3 0.3 0.2 0.1 0.5 0.3 0.4 

Palmitoleic C16:1n-7c 3.7 6.9 4.6 8.3 5.1 5.8 2.8 1.7 2.7 10.8 4.2 5.1 

  c16.1 0.8 0.2 0.0 0.0 2.6 0.3 0.3 0.1 0.2 0.3 0.2 0.3 

Heptadecenoic C17:1n-7c 0.6 0.2 0.0 0.0 0.5 0.2 0.1 0.2 0.6 0.2 0.4 0.6 

Petroselaidic C18.1 t-6 0.1 0.1 0.0 0.0 0.0 0.1 0.1 0.0 0.1 0.0 0.1 0.3 

             

Petroselenic C18:1 c-6 0.0 0.2 0.0 0.0 0.0 0.2 0.0 0.0 0.0 0.0 0.2 0.1 

Oleic C18:1n-9c 4.8 3.1 3.6 5.8 12.7 3.6 3.9 2.1 5.0 5.7 4.1 6.0 

Vaccenic C18:1n-7c 3.0 1.4 1.9 3.5 3.9 1.1 1.1 0.9 2.4 2.2 1.2 1.7 

Gadoleic 
C20:1n-
10c 0.0 0.0 0.8 0.9 0.2 0.0 0.4 0.3 0.5 0.3 0.3 0.8 

Gondoic C20:1n-8c 0.5 0.2 0.4 1.9 0.3 0.5 0.0 2.1 0.5 0.4 0.0 0.6 

Eicosenoic C20:1n-6c 0.1 0.6 0.3 0.0 0.0 0.3 0.1 0.2 0.1 0.5 0.3 0.1 

Brassidic C22:1n-9t 0.1 0.0 0.0 1.4 0.0 0.1 0.1 0.0 0.2 0.2 0.1 0.2 

Erucic C22:1n-9c 0.0 0.1 0.3 0.0 0.5 0.0 0.0 0.0 0.0 0.0 0.1 0.1 

Nervonic C24:1n-7c 0.3 0.4 0.0 0.0 0.3 0.9 0.2 26.9 0.5 0.4 0.3 0.3 

 sum 14.0 13.4 11.9 21.8 26.1 12.4 9.3 7.9 12.6 21.1 11.5 16.4 

Polyunsaturated              

Linoleic C18:2n-6c 3.1 1.8 0.0 0.0 3.8 2.3 2.3 1.1 2.0 1.6 2.0 2.2 

Linolenelaidic C18:3n-3t  0.2 0.2 0.0 0.0 0.0 0.2 0.2 0.0 0.1 0.0 0.2 0.2 

  
C18.3 
t9,t12,c15 0.3 0.3 0.3 0.0 0.2 0.3 0.2 0.0 0.3 0.0 0.2 0.3 

Linolenic C18:3n-3c 2.5 1.4 2.4 3.3 0.0 1.5 1.5 1.1 1.0 0.7 1.3 1.5 

gamma-Linolenic C1:3n-6c, 0.0 0.0 0.0 0.0 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Stearidonic C18:4n-3c 1.2 1.6 1.4 0.0 0.3 2.3 2.1 1.0 1.1 0.8 2.0 1.8 
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 Site name MS1 MS1 MS1 MS1 MS2 MS2 MS2 MS2 AWAC AWAC AWAC  AWAC  

 

Size 
fraction 

(µm) 
1000
- 355 

355- 
250 

250- 
150 

150- 
100 

1000
- 355 

355- 
250 

250- 
150 

150- 
100 

1000- 
355 

355- 
250 

250 -  
150 

150 -
100 

Eicosadienoic C20:2n-6c 0.4 0.2 0.5 0.0 0.4 0.2 0.4 0.3 0.6 0.2 0.4 0.5 

Arachidonic 
C20:4n-6c, 
AA 3.5 2.3 3.0 2.8 0.5 2.1 1.7 1.3 3.7 1.2 2.0 2.4 

Eicosatrienoic C20:3n-3c 0.2 0.1 0 0.0 0.0 0.1 0.15 0.2 0.16 0 0.1 0.2 

Eicosatetraenoic C20:4n-8c 0.2 0.3 0.0 0.0 0.0 0.2 0.1 0.0 0.0 0.0 0.2 0.3 

Eicosapentanoic 
C20:5n-3, 
EPA  15.1 13.6 12.8 5.9 1.4 12.7 12.0 5.5 14.8 4.8 12.3 8.0 

Docostetraenoic C22:4n-6c 0.0 0.0 0.0 1.3 0.4 0.0 0.0 1.1 0.1 0.0 0.0 0.2 

Docasapentenoic C22:5n-3c 0.8 0.9 1.0 0.0 0.0 0.8 0.8 0.6 1.0 0.3 0.8 1.0 

Docosahexenoic 
C22:6n-3, 
DHA 18.3 25.7 26.4 8.0 0.8 24.1 32.8 14.0 27.9 7.3 28.3 14.8 

  Sum 45.8 48.3 47.9 21.2 8.4 46.7 54.4 26.4 52.8 16.9 49.7 33.4 

              

 Sum n-3 23.5  30.2  31.6  11.3  1.3  29.2  37.8  17.0  31.6  9.0  33.0  19.8  

 sum n-6 7.1  5.1  3.8  4.0  5.7  5.1  4.6  4.1  6.5  3.6  4.7  5.6  

 n-3:n-6 3.3  5.9  8.2  2.8  0.2  5.7  8.2  4.1  4.8  2.5  7.0  3.5  
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Figure 3.25. Ratio of EPA to DHA in size fractionated  zooplankton from three stations. 
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Figure 3.26. Main food items of zooplankton based o n fatty acid markers. 
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3.1.6 Biomass: mobile benthic invertebrates 

Methods 

Surveys 

The density (number of individuals) and biomass of benthic invertebrates were surveyed in 
three habitats: rocky reef, seagrass and unvegetated sand. These three habitats were surveyed at 
each of five sites in both Marmion Lagoon and Jurien Bay. The surveys were done by SCUBA 
divers, who searched five 5 × 1 m transects at each site. Searches in the unvegetated sand 
habitat were done by raking the sand, while searches in the rocky reef and seagrass habitats 
were done by visual and tactile inspection of the surface. Large (> 1 cm) invertebrates were 
identified to lowest taxonomic level (usually species) and sizes (in cm) were estimated. In some 
cases individuals were also collected and subsequently measured for biomass in the laboratory, 
in other cases biomass was estimated from size-weight regressions (see below). 

We used statistical analyses to test for the presence of patterns in density or biomass among 
Habitats (3 levels, fixed factor), locations (2 levels, random factor), and sites (10 levels, random 
and nested in location). Because the data contained many zeros, parametric statistics were 
unsuitable and so data were analysed using permutational multivariate ANOVA 
(PERMANOVA; Anderson 2001), which uses permutation to test for statistical significance. 
Euclidean distances were calculated from untransformed data, and the permutation tests used 
9,999 permutations of residuals under a reduced model. Biomass data were typically highly 
skewed, a characteristic that can lead to high dispersion, and so biomass data were log-
transformed (x+1) prior to analysis. Densities and biomasses of species were combined into the 
following broad taxonomic and functional groups: asteroids, crinoids, echinoids, holothuroids, 
herbivorous gastropods and predatory gastropods (Table 3.5). 

Biomass estimation 

During the surveys some individuals were collected for measurements in the laboratory. These 
were supplemented by additional collections in cases for which there were not enough intervals 
to establish reliable size-weight relationships. Sizes (in mm) were measured with callipers, and 
weights (wet weight, in g) were measured on a laboratory balance. 

Size weight relationships were determined from regressions of the form log(weight) ~ log(size). 
To test whether species within a taxonomic or functional group could be pooled, we first used 
ANCOVA to test whether the slope of the regressions varied significantly among species. In 
each case the slopes varied significantly among species, and so species-specific regressions 
were calculated (Table 3.6). 
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Table 3.5. Species recorded during the surveys of b enthic invertebrates, with the total number of indi viduals recorded in each habitat at 
each location. 

 
  Reef Sand Seagrass Total 
Class Species Jurien Marmion Jurien Marmion Jurien Marmion  
Anthozoa Actinernidae sea anemones  217    7 224 
Asteroidea Archaster angulatus    98   98 
 Coscinasterias muricata  5     5 
 Fromia polypora  3     3 
 Goniodiscaster seriatus      4 4 
 Luidia australiae      2 2 
 Nectria saoria  1     1 
 Patiriella brevispina  8    246 254 
 Patiriella gunni    3   3 
 Pentagonaster dubeni 2 1     3 
 Petricia vernicina 1 3     4 
Bivalvia Circe sp. Rough cockle    3   3 
 Mactra sp. Smooth cockle    13   13 
 Pinna bicolor      5 5 
Crinoidea Cenolia trichoptera  57     57 
 Comatula purpurea  57    155 212 
Echinoidea Amblypneustes leucoglobus     1 13 14 
 Ammotrophus arachnoides    14   14 
 Clypeaster cf. telurus   2 1   3 
 Goniocidaris tubaria      6 6 
 Heliocidaris erythrogramma 56 77     133 
 Phyllacanthus irregularis 7 24     31 
Gastropoda (herbivorous) Astralium squamiferum 2 5     7 
 Australium tentoriformis 1 1   1  3 
 Campanile symbolicum 6    2  8 
 Haliotis scalaris  2     2 
 Scutus antipodes 1      1 
 Bulla quoyii    7   7 



IMPROVED DESCRIPTIONS AND CONCEPTUAL MODELS 

WAMSI Node 1 Project 1 Annexure A • 30 June, 2011 125 

Table 3.5. Species recorded during the surveys of b enthic invertebrates, with the total number of indi viduals recorded in each habitat at 
each location. 

 
  Reef Sand Seagrass Total 
Class Species Jurien Marmion Jurien Marmion Jurien Marmion  
 Turbo intercostalis 1      1 
 Turbo jourdani 1      1 
 Turbo torquatus 2 5     7 
Gastropoda (predatory) Cymbiola nivosa    1   1 
 Oliva australis    3   3 
 Thais orbita 1 5     6 
Holothuroidea Stichopus mollis 2 8   2  12 
 Stichopus sp      1 1 
TBA Echinoderm T2-EA    1   1 
 Echinoderm T5-EA    1   1 
 Mollusc T1-A   4 7   11 
 Mollusc T1-B    3   3 
 Mollusc T1-C    2   2 
 Mollusc T1-D    5   5 
 Mollusc T1-E    1   1 
 Mollusc T2-A   1 2   3 
 Mollusc T2-B   2 1   3 
 Mollusc T2-C   1    1 
 Mollusc T3-A   3 3   6 
 Mollusc T3-B   1 2   3 
 Mollusc T3-C    1   1 
 Mollusc T4-A   1 4   5 
 Mollusc T4-B    3   3 
 Mollusc T4-C    1   1 
 Mollusc T4-D    1   1 
 Mollusc T5-A   3 7   10 
 Mollusc T5-B    10   10 
 Mollusc T5-C    3   3 
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Table 3.5. Species recorded during the surveys of b enthic invertebrates, with the total number of indi viduals recorded in each habitat at 
each location. 

 
  Reef Sand Seagrass Total 
Class Species Jurien Marmion Jurien Marmion Jurien Marmion  
 Mollusc T5-D    3   3 
 Mollusc T5-E    4   4 
 Mollusc T5-F    2   2 
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Table 3.6. Regression equations for the relationshi p between size (in mm) and weight (in g 
wet weight). n= number of individuals. 

Species n Size range 
(mm) 

Equation 

Echinodermata    
 Echinoidea    
 Amblypneustes leucoglobus 18 27 - 41 log(Weight) ~ -3.098 + 1.624*log(Size) 
 Ammotropus arachnoides 21 52 - 152 log(Weight) ~ -9.629 + 2.846*log(Size) 
 Goniocidaris tubaria 10 33 - 43 log(Weight) ~ -5.800 + 2.586*log(Size) 
 Heliocidaris erythrogramma 15 32 - 95 log(Weight) ~ -5.175 + 2.348*log(Size) 
 Holopneustes inflatus 19 30 - 65 log(Weight) ~ -6.171 + 2.587*log(Size) 
 Holopneustes porosissimus 11 30 - 66 log(Weight) ~ -6.294 + 2.642*log(Size) 
 Peronella lesueuri 139 53 - 154 log(Weight) ~ -8.476 + 2.665*log(Size) 
 Phyllacanthus irregularis 19 64 - 119 log(Weight) ~ -5.545 + 2.593*log(Size) 
    
 Asteroidea    
 Archaster angulatus 149 32 - 240 log(Weight) ~ -3.030 + 1.496*log(Size) 
 Coscinasterias muricata 19 59 - 247 log(Weight) ~ -8.332 + 2.324*log(Size) 
 Fromia polypora 14 57 - 123 log(Weight) ~ -4.642 + 1.634*log(Size) 
 Goniodiscaster seriatus 13 88 - 149 log(Weight) ~ -9.183 + 2.789*log(Size) 
 Patiriella brevispina 10 24 - 87 log(Weight) ~ -6.523 + 2.313*log(Size) 
 Patiriella gunnii 21 26 - 85 log(Weight) ~ -2.935 + 1.265*log(Size) 
 Pentagonaster dubeni 6 55 - 122 log(Weight) ~ -7.549 + 2.417*log(Size) 
 Petricia vernicina 10 118 - 175 log(Weight) ~ -2.428 + 1.387*log(Size) 
    
 Crinoidea    
 Cenolia trichoptera 6 54-141 log(Weight) ~ -4.542 + 1.401*log(Size) 
 Comatula purpurea 6 67 - 144 log(Weight) ~ -7.012 + 1.883*log(Size) 
    
 Holothuroidea    
 Stichopus spp 6 110 - 150 log(Weight) ~ -4.168 + 1.715*log(Size) 
 Cercodemas anceps 44 39 - 93 log(Weight) ~ -3.825 + 1.650*log(Size) 
    
Mollusca    
 Gastropoda    
 Australium squamifera 23 15 - 34 log(Weight) ~ -9.793 + 3.494*log(Size) 
 Bedeva paivae 6 21 - 26 log(Weight) ~ 1.637 + -0.275*log(Size) 
 Turbo torquatus 87 21 - 62 log(Weight) ~ -7.347 + 2.799*log(Size) 
    
 Bivalvia    
 “Large scallop” 5 44 - 75 log(Weight) ~ -4.018 + 1.848*log(Size) 
 “Scallop” 6 23 - 80 log(Weight) ~ -8.814 + 3.001*log(Size) 

Results 

Analyses of density indicated that in almost all cases densities differed between habitats, but 
the magnitude of the differences were not consistent at each site (significant Habitat × Site 
interactions in Table 3.24). The only exception was predatory gastropods, for which the only 
pattern detected was differences among sites – although densities of predatory gastropods 
were typically low everywhere. In general, qualitative differences in density among habitats 
were also not present. The single exception was echinoids, for which densities were typically 
higher on reef habitat (Table 3.24, Figure 3.59). There were also qualitative differences in the 
distribution of crinoids, which were only recorded in Marmion Lagoon (Table 3.24, Figure 
3.59). 
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Analyses of biomass indicated that differences among habitats existed for echinoids, crinoids 
and holothurians, but that the nature of the differences varied among sites (significant Habitat 
× Site interactions in Table 3.8). These differences did not exist for asteroids, herbivorous 
gastropods or predatory gastropods; for two of these three taxa (asteroids and predatory 
gastropods) there were significant differences in biomass among sites. Qualitative differences 
in the distribution of biomass were present for echinoids, for which biomasses were almost 
always higher on reefs (Table 3.8, Figure 3.28) – Boyinaboat Reef, where the biomass of 
echinoids was higher in sand, was the only exception. 

In addition to the trends in overall densities and biomasses of taxonomic and functional 
groups, there were strong differences in the identity of species recorded in each habitat 
(Table 3.5). Species that were only recorded in abundance on rocky reefs included the 
Asteroidea Coscinasterias muricata, Fromia polypora and Petricia vernicina, the Echinoidea 
Heliocidaris erythrogramma and Phyllacanthus irregularis, the Crinoidea Cenolia 
trichoptera and the Gastropoda Australium squamiferum, Turbo torquatus and Thais orbita. 
Species that were only recorded in abundance in sand included the Asteroidea Archaster 
angulatus, the Echnoidea Ammotrophus arachnoids and the Gastropoda Bulla qouyi. Species 
that were only recorded in seagrass included the Asteroidea Goniodiscasetr seriatus and the 
Echinoidea Goniocidaris tubaria and Amblypneustes leucoglobus. 
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Table 3.7. Results of PERMANOVA testing for difference s in density of each taxonomic or 
functional group. 

Asteroidea 
Source df MS Pseudo-F P Permutations MC-P 
Habitat 2 313.61 0.93 0.605 30 0.528 
Location 1 636.54 2.51 0.016 54 0.153 
Site (Location) 8 253.95 23.43 0.000 9940 0.000 
H x L 2 337.22 1.53 0.250 9952 0.241 
H x S(L) 16 219.96 20.30 0.000 9912 0.000 
Residual 120 10.84     
 
Echinoidea 
Source df MS Pseudo-F P Permutations MC-P 
Habitat 2 119.89 106.41 0.203 60 0.010 
Location 1 18.73 2.27 0.193 37 0.167 
Site (Location) 8 8.25 2.37 0.022 9951 0.022 
H x L 2 1.13 0.17 0.849 9949 0.853 
H x S(L) 16 6.63 1.90 0.024 9913 0.026 
Residual 120 3.48     
 
Crinoidea 
Source df MS Pseudo-F P Permutations MC-P 
Habitat 2 125.93 1.00 0.709 10 0.493 
Location 1 457.63 10.05 0.008 16 0.013 
Site (Location) 8 45.53 2.46 0.006 9924 0.018 
H x L 2 125.93 1.79 0.202 9955 0.197 
H x S(L) 16 70.33 3.81 0.000 9899 0.000 
Residual 120 18.48     
 
Holothuroidea 
Source df MS Pseudo-F P Permutations MC-P 
Habitat 2 0.53 1.84 0.363 30 0.348 
Location 1 0.17 0.85 0.479 7 0.379 
Site (Location) 8 0.20 3.11 0.004 9893 0.004 
H x L 2 0.29 1.58 0.244 9961 0.238 
H x S(L) 16 0.18 2.87 0.001 9916 0.001 
Residual 120 0.06     
 
Herbivorous gastropods 
Source df MS Pseudo-F P Permutations MC-P 
Habitat 2 4.05 86.71 0.129 30 0.012 
Location 1 0.17 0.24 0.687 12 0.629 
Site (Location) 8 0.69 3.22 0.002 9945 0.002 
H x L 2 0.05 0.08 0.937 9945 0.924 
H x S(L) 16 0.62 2.91 0.001 9908 0.001 
Residual 120 0.21     
 
Predatory gastropods 
Source df MS Pseudo-F P Permutations MC-P 
Habitat 2 0.61 0.98 0.692 10 0.511 
Location 1 1.50 1.46 0.289 5 0.264 
Site (Location) 8 1.03 2.38 0.004 9923 0.018 
H x L 2 0.62 1.12 0.392 9966 0.360 
H x S(L) 16 0.56 1.28 0.113 9869 0.222 
Residual 120 0.43     
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Figure 3.27. Densities of benthic invertebrates (me an ± se, n=5) in each habitat at each of the 
sites surveyed. 
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Figure 3.27 continued 
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Table 3.8. Results of PERMANOVA testing for difference s in biomass of each taxonomic or 
functional group. 

Asteroidea 
Source df MS Pseudo-F P Permutations MC-P 
Habitat 2 6.27 0.67134 0.6341 30 0.6033 
Location 1 290.83 10.743 0.0086 56 0.0105 
Site (Location) 8 27.07 5.896 0.0001 9944 0.0001 
H x L 2 9.34 1.9183 0.1788 9951 0.1791 
H x S(L) 16 4.87 1.0604 0.3994 9931 0.4011 
Residual 120 4.59     
 
Echinoidea 
Source df MS Pseudo-F P Permutations MC-P 
Habitat 2 275.81 134.67 0.1203 60 0.0089 
Location 1 23.07 1.9835 0.2097 126 0.1967 
Site (Location) 8 11.63 3.1574 0.0028 9940 0.0035 
H x L 2 2.05 0.24274 0.7876 9950 0.7825 
H x S(L) 16 8.44 2.2904 0.0042 9919 0.007 
Residual 120 3.68     
 
Crinoidea 
Source df MS Pseudo-F P Permutations MC-P 
Habitat 2 12.82 1 0.5991 10 0.4992 
Location 1 50.49 20.154 0.0072 16 0.0023 
Site (Location) 8 2.51 6.0389 0.0001 9937 0.0001 
H x L 2 12.82 6.3866 0.0083 9956 0.0089 
H x S(L) 16 2.01 4.8396 0.0001 9914 0.0001 
Residual 120 0.41     
 
Holothuroidea 
Source df MS Pseudo-F P Permutations MC-P 
Habitat 2 8.31 2.3488 0.3364 30 0.2946 
Location 1 1.04 0.30672 0.5276 16 0.6005 
Site (Location) 8 3.40 2.9154 0.0051 9928 0.0048 
H x L 2 3.54 1.2909 0.308 9943 0.3048 
H x S(L) 16 2.74 2.3533 0.0054 9922 0.0048 
Residual 120 1.16     
 
Herbivorous gastropods 
Source df MS Pseudo-F P Permutations MC-P 
Habitat 2 27.36 7.5675 0.1659 30 0.1185 
Location 1 11.65 3.2028 0.08 56 0.1173 
Site (Location) 8 3.64 1.6693 0.1045 9938 0.113 
H x L 2 3.62 1.2739 0.3073 9952 0.3029 
H x S(L) 16 2.84 1.3029 0.2101 9920 0.2036 
Residual 120 2.18     
 
Predatory gastropods 
Source df MS Pseudo-F P Permutations MC-P 
Habitat 2 1.30 2.2662 0.3374 30 0.3046 
Location 1 2.23 2.0284 0.2834 8 0.191 
Site (Location) 8 1.10 2.6106 0.0097 9932 0.0129 
H x L 2 0.58 1.013 0.4001 9958 0.381 
H x S(L) 16 0.57 1.3488 0.161 9926 0.1779 
Residual 120 0.42     
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Figure 3.28. Biomasses of benthic invertebrates (me an ± se, n=5) in each habitat at each of 
the sites surveyed. 
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Figure 3.28 continued 
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3.1.7 Biomass: sessile benthic invertebrates 

Methods 

Study area 

The study focused on locations in Marmion Lagoon in south-western Australia (31º49.4 S, 
115º02.5 E). Sandy habitats colonised by seagrass are interspersed between reefs and provide 
a habitat for a considerable biomass of suspension feeders (Lemmens 1996). This community 
is composed of organisms such as sponges, solitary and colonial ascidians, corals, bryozoans 
and gorgonians as well as other animals. 

Survey design, field and laboratory methods 

The area of study was inshore and offshore reefs and seagrass sites of Marmion Lagoon 
(Figure 3.29). Within each site, two or three replicate 0.5 m x 0.5 m quadrats were dropped 
haphazardly onto the substratum on different habitat patches and all sponges, ascidians, 
bivalves, crinoids, bryozoans, vermetid snails, holothurians and corals within quadrats were 
collected and placed in plastic bags. The biomass of the various species collected was 
measured by weighing samples after drying at 60 °C in crucibles for several days and then 
again after ashing at 550 °C for two hours, and calculating the AFDW as the difference 
between the two weights. Examples of relationships between dry weight and ash free dry 
weight are shown in Figure 3.30, Figure 3.31 and Figure 3.32. Organisms were identified to 
lowest possible taxonomic level. Filter feeder biomass did not include organisms growing in 
many caverns and crevices which were not sampled. Reef sites were either covered by turfing 
algae, Sargassum sp or Ecklonia radiata. Seagrass sites comprised of Heterozostera 
tasmanica, Halophila spp., Posidonia spp., Amphibolis antarctica or Amphibolis griffithii 
(Table 3.9. List of sites surveyed, with habitats present at each site.). All seagrass plants 
contained within a 0.2 m x 0.2 m quadrat placed at one corner of the larger 0.5 m x 0.5 m 
quadrat were collected and above and below ground biomass was measured using ash free 
dry method (AFDW). 
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Figure 3.29.Survey sites in Marmion Lagoon. Black li nes separate north from south and 
inshore from offshore. 
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Table 3.9. List of sites surveyed, with habitats pr esent at each site. 

Site Habitat 
1 sand edge, Amphibolis antarctica, A. griffithii, Halophila ovalis, Halophila sp., 

Heterozostera tasmanica, Posidonia sp. 
2 sand edge, A. antarctica, A. griffithii, Halophila australis, Posidonia sp. 

3 open reef with turfing algae, Ecklonia radiata, Sargassum sp., H. tasmanica 

4 open reef with turfing algae, E. radiata, Sargassum sp., 

5 open reef with turfing algae, E. radiata, Sargassum sp., Sand edge, A. antarctica, A. 
griffithii, H. tasmanica 

6 open reef with turfing algae, E. radiata, Sand edge 

7 A. antarctica, Halophila sp. 

8 sand edge, H. australis, Halophila sp., H. tasmanica, Posidonia australis 

9 sand edge, A. antarctica, A. griffithii, Halophila sp., H. tasmanica, Posidonia sp. 

10 open reef with turfing algae, E. radiata, Sargassum sp., A. griffithii, H. tasmanica, Posidonia 
sp. 

11 E. radiata., Sargassum sp., sand edge, A. antarctica 

12 H. ovalis 

13 A. griffithii, H. tasmanica, P. sinuosa 

14 open reef with turfing algae, E. radiata, Sargassum sp., sand edge, A. antarctica, H. ovalis, 
H. tasmanica, P. australis, Posidonia sp. 

15 Open reef with turfing algae, E. radiata, Sargassum sp. 

16 A. griffithii 

17 A. antarctica 

18 A. griffithii 

20 open reef with turfing algae, E. radiata, Sargassum sp., A. antarctica, A. griffithii, H. ovalis, 
P. australis, P. sinuosa     

21 Amphibolis sp., H. tasmanica, Posidonia sp. 

22 open reef with turfing algae, E. radiata, Sargassum sp. 

23 open reef with turfing algae, E. radiata, Sargassum sp. 

24 open reef with turfing algae, E. radiata, Sargassum sp. 

25 open reef with turfing algae, E. radiata, Sargassum sp. 

26 A. antarctica, H. ovalis, P. australis 

27 open reef with turfing algae, E. radiata, Sargassum sp., Amphibolis sp., Halophila sp., 
Posidonia sp. 

28 open reef with turfing algae, E. radiata, Sargassum sp. 

29 open reef with turfing algae, E. radiata, Sargassum sp., A. antarctica, H. australis, 
Heterozostera/Halophila, P. sinuosa 

30 open reef with turfing algae, E. radiata, Sargassum sp., A. antarctica, A. griffithii, H. ovalis, 
P. augustifolia, P. australis  

31 open reef with turfing algae, E. radiata, Sargassum sp. 

32 open reef with turfing algae, E. radiata, Sargassum sp., A. antarctica. H. ovalis, H. australis, 
P. augustifolia 

33 open reef with turfing algae, E. radiata, Sargassum sp., Amphibolis sp., H. australis, H. 
tasmanica, P. sinuosa, Posidonia sp.  

34 A. antarctica, A. griffithii, H. tasmanica, Posidonia sp.  

35 open reef with turfing algae, E. radiata, Sargassum sp. 

36 A. griffithii, H. australis, Heterozostera/Halophila, P. australis, P. sinuosa 

37 open reef with turfing algae, E. radiata, Sargassum sp., A. antarctica, A. griffithii, H. ovalis, 
H. australis, P. sinuosa  

38 open reef with turfing algae, E. radiata, Sargassum sp., H. tasmanica, P. sinuosa 

39 Amphibolis sp., Halophila sp., H. tasmanica, Posidonia sp. 

40 Amphibolis sp., Heterozostera/Halophila, P. sinuosa, Posidonia sp. 
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Site Habitat 
41 open reef with turfing algae, E. radiata, Sargassum sp. 

42 open reef with turfing algae, E. radiata, Sargassum sp. 

43 open reef with turfing algae, E. radiata, Sargassum sp. A. antarctica, A. griffithii, H. ovalis, 
H. australis, P. sinuosa   

44 open reef with turfing algae, E. radiata, Sargassum sp. A. griffithii, H. ovalis, P. sinuosa,  

50 open reef with turfing algae, E. radiata, Sargassum sp., A. antarctica, H. ovalis, P. sinuosa   

55 E. radiata, Sargassum sp., A. antarctica, A. griffithii,  H. ovalis, P. augustifolia, P. sinuosa 

56 open reef with turfing algae, E. radiata, Sargassum sp., A. griffithii, H. ovalis, P. sinuosa 

59 A. griffithii, H. ovalis, P. augustifolia, P. australis    

100 A. griffithii, H. ovalis, H. tasmanica, P sinuosa  

102 A. antarctica, A. griffithii, H. ovalis, H. australis,  P. sinuosa 

104 E. radiata, Sargassum sp. 

105 open reef with turfing algae, Ecklonia radiata, Sargassum sp., A. griffithii, H. ovalis, H. 
tasmanica, P. sinuosa 

106 open reef with turfing algae, E. radiata, Sargassum sp., A. griffithii, H. ovalis, P. 
augustifolia, P. sinuosa  

109 open reef with turfing algae, E. radiata, Sargassum sp., A. antarctica, H. ovalis, H. australis, 
H. tasmanica, P. australis, P. sinuosa, Posidonia sp. 

110 open reef with turfing algae, E. radiata, Sargassum sp., A. antarctica, Amphibolis sp., H. 
ovalis, H. australis, P. australis, P. sinuosa  

112 open reef with turfing algae, E. radiata, Sargassum sp., A. griffithii,  

113 open reef with turfing algae, E. radiata, Sargassum sp., A. griffithii, H. ovalis, H. australis, 
H. tasmanica, P. australis, P. sinuosa 

114 A. griffithii, H. tasmanica, P. sinuosa 

31A H. ovalis 

31B A. griffithii, P. sinuosa, Posidonia sp. 

36B open reef with turfing algae, E. radiata, Sargassum sp. 

1B Sargassum sp., sand edge 

102B open reef with turfing algae, Ecklonia radiata, Sargassum sp. 

55A open reef with turfing algae, Sargassum sp. 

23B Amphibolis sp., H. tasmanica, Posidonia sp. 

28B Amphibolis sp., Heterozostera/Halophila, Posidonia sp. 

 

Statistical analyses 

Multivariate analyses (Primer v.6) were used to explore patterns in biomass among habitats. 
Data were square-root transformed to enhance the contribution of the intermediately large 
species to the pattern. The Bray–Curtis similarity matrix was used to obtain multidimensional 
scaling (MDS) ordinations, and community relationships were examined with two 
dimensional plots. The MDS was repeated until the same lowest stress was achieved. To 
determine the species contributing most to dissimilarities among groups, we used the 
program SIMPER (Warwick 1991). Organisms with a high average contribution and large 
ratio of average contribution to standard deviation of contribution were considered good 
discriminating organisms (Clarke 1993). They not only contributed most to dissimilarity but 
did so consistently. A permutational MANOVA (PERMANOVA) (Anderson 2005) based on 
the Bray–Curtis distance measure was used to test if there was a statistical multivariate 
difference between assemblages. SYSTAT v.12 package was used for univariate analysis and 
data were transformed to satisfy normality and homoscedascity assumptions. 
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Figure 3.30. Relationship between dry weight and as h free dry weight for ascidian Herdmania 
momus. 
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Figure 3.31. Relationship between dry weight and as h free dry weight for sponges.  
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Figure 3.32. Relationship between dry weight and as h free dry weight for corals. 

Results 

Mean weight of leaves of Amphibolis spp ranged from 15 g m-2 to close to 500 g m-2 and 
Amphibolis griffithii had larger above ground biomass than A. antarctica mean 216.9 g m-2 
(± 142.7 s.d.) and 87.3 g m-2 (± 48.4 s.d) respectively (Figure 3.33). The same pattern 
followed below ground biomass with 46.1 g m-2 (± 57.9) for A. griffithii and 18.3 g m-2 
(±15.7) for A. antarctica (Figure 3.34). Total biomass of A. griffithii was twice as high (262.9 
g m-2 (±168.7 s.d.)) as that of A. antarctica (105.6 (±49.4)) (Figure 3.35). There was a greater 
proportion of living material above ground than below (83% vs 17%) in both species. There 
was no difference in the biomass of leaves between H. australis and H. ovalis with mean of 
17.2 g m-2 ± 8.6 s.d. and 15.9 g m-2 ± 10.9 s.d. respectively (Figure 3.36). H. ovalis had higher 
rhizome biomass than H. australis 36.4 g m-2 ± 40.7 s.d. and 22.3 g m-2 ± 16.6 s.d. 
respectively (Figure 3.37). Total biomass of H. ovalis was higher comparing to H. australis 
(52.3 g m-2 ± 42.3 s.d versus 39.5 g m-2 ± 21.5) (Figure 3.38). Proportion of below ground 
biomass was higher in both species comparing to above ground 56% and 44% for H. australis 
and 70% and 30% for H. ovalis. Average biomass of leaves for Heterozostera tasmanica 
ranged from below 1 g m-2 in more inshore sites 38 and 39 to almost 60 g m-2 in site 114 
further offshore with mean of 26.3 g m-2 (± 19.3 s.d.) (Figure 3.39). Mean biomass of 
rhizomes was 18.7 g m-2 (± 15 s.d.) (Figure 3.40). Average total biomass of Heterozostera 
tasmanica was 44.9 g m-2 (±24.7 s.d.) and there was proportionately more biomass above 
ground (58%) comparing to below ground (42%) (Figure 3.41). Posidonia augustifolia had 
twice as high average biomass of leaves than P. australis and P.  sinuosa with mean 141.4 g 
m-2 ±141.1s.d., 61.5 g m-2 ± 25.7 and 74.7 g m-2 ± 34.9 respectively (Figure 3.42). Above 
ground biomass was highest for P. australis (486.4 g m-2 ± 354.3), followed by P. 
augustifolia (400 g m-2 ± 38.8) and P sinuosa  (251.8 g m-2 ± 362) (Figure 3.43). Total 
biomass was highest for P. augustifolia (541.5 g m-2 ± 153.4 s.d.) followed by P. australis 
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(469.1 g m-2 ± 354.3 s.d.) and P. sinuosa  (326.5 g m-2 ± 368.1 s.d.). Over 70 % of biomass 
was held below ground for all species. 
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Figure 3.33. Above ground biomass of Amphibolis spp. 
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Figure 3.34. Below ground biomass of Amphibolis spp. 
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Figure 3.35. Total biomass of Amphibolis spp. 
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Halophila spp - leaves
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Figure 3.36. Above ground biomass of Halophila spp.  
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Figure 3.37. Below ground biomass of Halophila spp. 
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Figure 3.38. Total biomass of Halophila spp. 
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Figure 3.39. Above ground biomass of Heterozostera tasmanica. 
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Figure 3.40. Below ground biomass of Heterozostera tasmanica. 
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Figure 3.41. Total biomass of Heterozostera tasmanica. 
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Figure 3.42. Above ground biomass of Posidonia spp. 

Posidonia spp - rhizomes

0

200

400

600

800

1000

1200

1400

1600

1800

2000

30 32 55 59 10
6 20 26 30 36 59 10
9

11
0

11
3 20 29 33 36 37 38 40 43 44 50 55 56 10
0

10
2

10
5

10
6

10
9

11
0

11
3

11
4

31
b 21 27 33 34 39 40 10
9

23
b

28
b

31
b

sites

A
F

D
W

 g
 m

-2

Posidonia 
augustifolia

Posidonia australis Posidonia sinuosa Posidonia  spp

 

Figure 3.43. Below ground biomass of Posidonia spp. 
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Posidonia spp - total biomass
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Figure 3.44. Total biomass of Posidonia spp. 

Reefs harboured more filter feeders than sand habitats (Table 3.10). 
 

Table 3.10. Biomass of main groups of filter feeder s in different habitats. 

 
habitat Ascidiacea Porifera Ectoprocta Crinoidea Bivalvia Anthozoa Actiniaria 
seagrass 5.6  

(±12.7) 
1.0 
(±10.7) 

0.1    
(±0.4) 

0.3   
(±1.5) 

1.5 
(±12.1) 

0.1   
(±0.2) 

0.1   
(±4.4) 

reefs 46.2 
(±84.7) 

29.9 
(±72.4) 

0.3     
(±1.7) 

0.5   
(±1.7) 

1.2   
(±7.7) 

5.2 
(±25.6) 

0.1    
(±0.9) 

sand 
edge 

3.8    
(±5.3) 

0.1   
(±0.3) 

0 0.8   
(±1.8) 

0  0 1.3   
(±4.9) 

 

For the multivariate analyses we grouped two seagrass habitats, Posidonia and Amphibolis 
spp and Heterozostera and Halophila spp and two reef habitats, Ecklonia radiata and 
Sargassum spp. Non-metric multi-dimensional scaling (MDS) revealed a clear pattern of 
change in filter feeders biomass from seagrass to reef habitats (Figure 3.45) despite a rather 
high 2-d stress arising from the large number of samples and the substantial variability in 
individual samples reflected in relatively low similarity within habitat with all habitats being 
just over 30% similar except  Halophila/Heterozostera spp habitat showing most similarity of 
65% (Table 3.11). Two unvegetated habitats, sand and turfing algae, were most dissimilar. 
Pairwise comparisons showed that biomass of filter feeders in all habitats are significantly 
different (Table 3.12). 

Similarity percentage analysis (SIMPER) indicated that the differences among habitats were 
due to much higher biomass of dominant taxa like ascidian Herdmania momus and sponges 
on the reefs than in seagrass or sand (Table 3.13). Ascidians A2, crinoids, sea anemones, and 
Pyura sp preferred sand habitat to reef or seagrass. When seagrass or algae habitats were 
analysed separately MDS plot revealed no natural groupings (Figure 3.46 and Figure 3.47). 
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Figure 3.45. MDS plot of biomass of filter feeders i n reef, seagrass ad unvegetated habitats. 

Table 3.11. Average similarity between/within group s (Permanova test). 

 
 sand edge turfing algae Ecklonia/ 

Sargassum 
Posidonia/ 
Amphibolis 
spp 

Halophila/ 
Hetero 
zostera spp 

sand edge 34.017     
turfing algae 17.796 34.605    
Ecklonia/ 
Sargassum 
spp 

24.121 31.38 31.962   

Posidonia/ 
Amphibolis 
spp 

32.362 19.18 26.037 36.253  

Halophila/ 
Hetero 
zostera spp 

42.389 20.57 30.97 45.627 65.429 
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Table 3.12. Pair-wise Permanova results for algae, se agrass and unvegetated habitats. 

Groups t P(perm) perms Den.df 
sand edge, turfing algae 3.5922 0.001 998 121 
sand edge, Ecklonia/Sargassum 2.706 0.001 999 225 
sand edge, Posidonia/Amphibolis 1.679 0.008 998 251 
sand edge, Halophila/Heterozostera  2.5622 0.002 999 143 
turfing algae, Ecklonia/Sargassum 2.7293 0.001 999 320 
turfing algae, Posidonia/Amphibolis 8.2922 0.001 998 346 
turfing algae, Halophila/Heterozostera  10.861 0.001 997 238 
Ecklonia/Sargassum, Posidonia/Amphibolis 7.1458 0.001 998 450 
Ecklonia/Sargassum, Halophila/Heterozostera  8.8839 0.001 998 342 
Posidonia/Amphibolis, Halophila/Heterozostera  4.4666 0.001 999 368 

 

Table 3.13. Species contributing to dissimilarity am ong habitats (SIMPER analysis). 

Species Group sand 
edge 

Av.Abund 

Group 
turfing algae 
Av.Abund 

Av.Diss Diss/SD Contrib% Cum.% 

Herdmania 
momus 

0.25 5.52 26.56 1.18 27.33 27.33 

sponge 0.08 4.54 23.44 1.13 24.13 51.45 
coral 0.00 0.62 6.39 0.42 6.57 58.03 
ascidian A2 0.76 0.06 5.84 0.49 6.01 64.04 
crinoid 0.44 0.06 3.90 0.44 4.01 68.05 
sea anemone 0.40 0.02 3.23 0.30 3.32 71.38 
ascidian 0.07 0.52 2.87 0.46 2.96 74.33 
Pyura sp 0.31 0.00 2.68 0.31 2.76 77.10 
ascidian A3 0.00 0.49 2.45 0.34 2.53 79.62 

 

Species Group 
sand 
edge 

Av. ab 

Group 
Ecklonia/Sargassum 

Av Abund 

Av.Diss Diss/SD Contrib% Cum.% 

Herdmania 
momus 

0.25 3.09 20.61 0.88 21.27 21.27 

sponge 0.08 2.79 18.89 0.93 19.50 40.78 
ascidian A2 0.76 0.14 8.48 0.52 8.76 49.53 
crinoid 0.44 0.01 6.01 0.42 6.20 55.73 
sea anemone 0.40 0.07 5.28 0.34 5.45 61.18 
Pyura sp 0.31 0.01 4.13 0.31 4.26 65.45 
ascidian A3 0.00 0.56 3.45 0.41 3.56 69.00 
ascidian 0.07 0.43 3.42 0.47 3.53 72.53 
Polycarpa 
nigricans 

0.00 0.29 2.66 0.29 2.74 75.28 

coral 0.00 0.32 2.38 0.26 2.45 77.73 
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Species Group 
turfing algae 
Av.Abund 

Group 
Ecklonia/Sargassum 

Av.Abund 

Av. 
Diss 

Diss/
SD 

Contrib% Cum.
% 

Herdmania 
momus 

5.52 3.09 23.53 1.13 29.92 29.92 

sponge 4.54 2.79 20.65 1.12 26.26 56.18 
coral 0.62 0.32 5.77 0.43 7.34 63.51 
ascidian A3 0.49 0.56 3.78 0.49 4.81 68.32 
ascidian 0.52 0.43 3.43 0.52 4.36 72.68 
Polycarpa 
nigricans 

0.09 0.29 2.09 0.29 2.66 75.34 

soft coral 0.37 0.13 1.89 0.26 2.40 77.74 
bryozoan 0.21 0.20 1.47 0.44 1.87 79.62 

 

Species Group 
sand edge  
Av Abund 

Group 
Amphibolis 
/Posidonia 
Av.Abund 

Av.Diss Diss/SD Contrib% Cum.% 

ascidian A2 0.76 0.15 12.15 0.59 12.45 12.45 
sea anemone 0.40 0.23 9.45 0.43 9.69 22.14 
crinoid 0.44 0.01 9.36 0.48 9.59 31.73 
Herdmania 
momus 

0.25 0.34 8.22 0.42 8.43 40.16 

Pyura australis 0.00 0.60 7.27 0.52 7.45 47.61 
Pyura sp 0.31 0.01 6.15 0.35 6.31 53.92 
sponge 0.08 0.30 4.27 0.38 4.37 58.29 
Botrylloides 
perspicuus 

0.09 0.04 3.98 0.25 4.07 62.36 

Polycarpa 
viridis 

0.00 0.32 3.96 0.34 4.06 66.42 

Polychaete 0.10 0.00 3.54 0.23 3.63 70.05 

 
Species Group 

turfing algae 
Av.Abund 

Group 
seagrass 

Av.Abund 

Av.Diss Diss/SD Contrib% Cum.% 

Herdmania 
momus 

5.52 0.34 25.85 1.09 27.00 27.00 

sponge 4.54 0.30 23.61 1.10 24.66 51.66 
coral 0.62 0.01 6.68 0.40 6.98 58.63 
Pyura 
australis 

0.06 0.60 4.78 0.41 4.99 63.63 

ascidian 0.52 0.18 3.35 0.46 3.50 67.13 
ascidian A3 0.49 0.12 3.04 0.36 3.18 70.31 
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Species Group 
Ecklonia/Sargassum 

Av.Abund 

Group 
seagrass 

Av.Abund 

Av. 
Diss 

Diss/
SD 

Contrib% Cum.
% 

sponge 2.79 0.30 20.39 0.92 21.39 21.39 
Herdmania 
momus 

3.09 0.34 19.30 0.83 20.24 41.63 

Pyura 
australis 

0.03 0.60 5.85 0.46 6.14 47.77 

Polycarpa 
nigricans 

0.29 0.26 4.79 0.40 5.02 52.79 

ascidian A3 0.56 0.12 4.30 0.43 4.51 57.30 
ascidian 0.43 0.18 4.23 0.45 4.44 61.74 
Polycarpa 
viridis 

0.18 0.32 3.92 0.35 4.12 65.85 

sea anemone 0.07 0.23 3.72 0.27 3.91 69.76 
Comatula 
purpurea 

0.10 0.19 2.90 0.33 3.04 72.80 

coral 0.32 0.01 2.59 0.26 2.71 75.52 
bryozoan 0.20 0.13 2.47 0.35 2.60 78.11 

 
Species Group sand 

edge 
Av. Abund 

Group 
Halophila/ 

Heterozostera 
spp Av.Abund 

Av.Diss Diss/SD Contrib% Cum.% 

ascidian A2 0.76 0.08 15.46 0.60 15.73 15.73 
crinoid 0.44 0.02 14.36 0.55 14.61 30.34 
sea anemone 0.40 0.19 12.20 0.46 12.41 42.75 
Herdmania 
momus 

0.25 0.18 10.99 0.42 11.18 53.93 

Pyura sp 0.31 0.00 9.05 0.38 9.20 63.14 
Polychaete 0.10 0.01 5.94 0.27 6.04 69.18 
Botrylloides 
perspicuus 

0.09 0.00 5.61 0.26 5.71 74.88 

 
Species Group turfing 

algae 
Av.Abund 

Group Halophila/ 
Heterozostera 

Av.Abund 

Av. 
Diss 

Diss/ 
SD 

Contrib% Cum.
% 

Herdmania 
momus 

5.52 0.18 29.61 1.10 30.09 30.09 

sponge 4.54 0.03 28.01 1.11 28.46 58.55 
coral 0.62 0.01 8.96 0.42 9.10 67.65 
ascidian A3 0.49 0.06 3.22 0.33 3.27 70.92 
ascidian 0.52 0.05 3.10 0.41 3.15 74.07 
Polycarpa 
nigricans 

0.09 0.09 2.23 0.23 2.27 76.33 

soft coral 0.37 0.00 2.16 0.22 2.20 78.53 
sea anemone 0.02 0.19 1.95 0.24 1.98 80.51 
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Species Group Ecklonia/ 
Sargassum 
Av.Abund 

Group Halophila/ 
Heterozostera 

Av.Abund 

Av. 
Diss 

Diss/ 
SD 

Contrib% Cum.
% 

sponge 2.79 0.03 25.18 0.96 25.70 25.70 
Herdmania 
momus 

3.09 0.18 23.15 0.86 23.62 49.31 

Polycarpa 
nigricans 

0.29 0.09 5.59 0.34 5.70 55.01 

ascidian A3 0.56 0.06 4.76 0.43 4.86 59.87 
sea anemone 0.07 0.19 4.72 0.28 4.82 64.69 
ascidian 0.43 0.05 4.33 0.39 4.42 69.11 
coral 0.32 0.01 3.52 0.27 3.59 72.70 
bryozoan 0.20 0.03 2.69 0.26 2.74 75.45 
Comatula 
purpurea 

0.10 0.05 2.41 0.24 2.46 77.91 

ascidian A1 0.01 0.16 2.27 0.23 2.32 80.22 

 
Species Group 

seagrass 
Av.Abund 

Group Halophila/ 
Heterozostera 

Av.Abund 

Av.Diss Diss/SD Contrib% Cum.% 

Pyura 
australis 

0.60 0.02 11.79 0.58 12.06 12.06 

sea anemone 0.23 0.19 10.94 0.41 11.19 23.25 
Polycarpa 
nigricans 

0.26 0.09 7.85 0.43 8.03 31.28 

sponge 0.30 0.03 6.96 0.37 7.11 38.39 
Polycarpa 
viridis 

0.32 0.00 6.35 0.36 6.49 44.89 

Comatula 
purpurea 

0.19 0.05 5.75 0.39 5.88 50.76 

ascidian A1 0.12 0.16 4.87 0.34 4.98 55.75 
Herdmania 
momus 

0.34 0.18 4.83 0.32 4.94 60.68 

ascidian 0.18 0.05 4.60 0.34 4.70 65.38 
ascidian A6 0.17 0.02 3.78 0.32 3.87 69.25 
bryozoan 0.13 0.03 3.43 0.34 3.51 72.76 
ascidian A2 0.15 0.08 2.89 0.29 2.96 75.72 
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Figure 3.46. MDS plot of filter feeders biomass in s eagrass habitats. 

Figure 3.47. MDS plot of filter feeders biomass in r eef habitats. 
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The distribution of biomass of all filter feeders among three reef habitats was analysed using 
ANOVA. Data was ranked to satisfy normality and homoscedascity assumptions. Inshore 
turfing algae and Ecklonia radiata sites had three time higher biomass than corresponding 
habitats offshore and Sargassum spp inshore sites had one and a half higher biomass than 
offshore (Figure 3.48). There was no statistically significant interaction between distance 
from shore and habitat (Table 3.14). Sponges and ascidians were the dominant filter-feeding 
organisms in reef habitats with mean biomass of 30 (± 46 s.d.) and 43 g m-2 (± 63 s.d.) 
respectively. Herdmania momus was a dominant ascidian contributing 37 g m-2 (± 58 s.d.) 
with a small number of other ascidians most notably Pyura gibbosa, Polycarpa viridis and 
Polycarpa nigricans also present. Similarity percentage analysis (SIMPER) indicated that the 
differences between inshore and offshore reefs were due not to different species present but 
to the much higher biomass of dominant taxa inshore (Table 3.15). Total filter feeders in 
seagrass habitats were highest in Posidonia meadows followed by Amphibolis spp and 
Halophila/Heterozostera spp (Figure 3.49). 

Table 3.14. Results of ANOVA using data for the thre e reef habitats and distance from shore. 

Source of 
variation 

DF SS MS F P 

Inshore-
Offshore 

2 16517.634 8258.817 12.151 <0.001 

Habitat 1 26335.758 26335.758 38.749 <0.001 
Inshore-
Offshore x 
Habitat  

2 1083.732 541.866 0.797 0.453 

Residual 105 71364.042 679.658   
Total  110 113960.000 1036.000   
      
Comparison Diff  of Means t Unadjusted P Critical Level Significant? 
turfing algae  
 vs. Sargassum 
spp 

29.915 4.926 <0.001             0.017             Yes 

Ecklonia 
radiata vs. 
Sargassum  

15.875 2.614 0.010             0.025             Yes 

turfing algae 
vs. 
Ecklonia 
radiata           

14.040 2.309 0.023  0.050             Yes   
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Figure 3.48. Biomass of all filter feeders in insho re and offshore reefs in three reef habitats. 

Table 3.15. Species contributing to dissimilarity of  inshore and offshore reefs (SIMPER 
analysis). 

turf algae Group 
inshore 
Av.Abund 

Group 
offshore 
Av.Abund 

        
Av.Diss 

        
Diss/SD 

         
Contrib% 

      
Cum.% Species 

Herdmania 
momus 

      8.74        3.64   17.64    1.32    28.77 28.77 

sponge       8.17        3.42   16.87    1.43    27.51 56.28 
ascidian  other       1.92        0.98    5.19    1.16     8.47 64.75 
coral other       0.82        1.08    4.23    0.97     6.91 71.65 
soft coral       0.76        0.38    2.77    0.50     4.51 76.16 
mussel       0.50        0.31    2.09    0.39     3.41 79.58 
favid coral       0.13        0.57    1.76    0.49     2.88 82.46 
Pyura gibbosa       0.38        0.24    1.38    0.60     2.25 84.71 
bryozoan       0.35        0.24    1.25    0.88     2.03 86.74 
Plesiastrea sp       0.00        0.64    1.17    0.23     1.90 88.65 
Polycarpa 
viridis          

      0.29        0.06     0.99     0.31     1.61 90.25 
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Ecklonia 
radiata 

Group 
inshore 
Av.Abund 

Group 
offshore 
Av.Abund 

        
Av.Diss 

        
Diss/SD 

         
Contrib% 

      
Cum.% 

Species 
Herdmania 
momus 

         6.25           3.07   14.99    1.41    26.79 26.79 

sponge          5.13           3.27   11.10    1.33    19.84 46.63 
ascidian  
other 

         2.59           1.21    7.23    1.41    12.92 59.55 

coral other          0.79           0.36    3.26    0.69     5.83 65.38 
Polycarpa 
nigricans 

         0.51           0.25    2.32    0.73     4.14 69.52 

bryozoan          0.54           0.28    2.13    0.85     3.80 73.32 
soft coral          0.17           0.51    2.01    0.45     3.60 76.91 
Pyura 
gibbosa 

         0.53           0.15    1.91    0.72     3.41 80.32 

Cenolia 
trichoptera 

         0.35           0.21    1.57    0.73     2.81 83.14 

oyster          0.39           0.00    1.40    0.36     2.51 85.65 
bivalve other          0.39           0.09    1.04    0.44     1.85 87.50 
Polycarpa 
viridis 

         0.39           0.09    1.03    0.43     1.85 89.34 

Comatula 
purpurea 

         0.13           0.09    0.84    0.36     1.51 90.85 

 

Sargassum 
spp 

Group 
inshore  
Av.Abund 

Group 
offshore  
Av.Abund 

        
Av.Diss 

        
Diss/SD 

         
Contrib% 

      
Cum.% 

Species 
Herdmania 
momus 

         3.96           2.06   20.46    1.26    28.36 28.36 

sponge          3.21           2.62   18.04    1.25    25.01 53.37 
ascidian  
other 

         1.57           0.70    8.50    1.17    11.78 65.15 

coral other          0.61           0.91    6.56    0.69     9.09 74.25 
Polycarpa 
nigricans 

         0.58           0.31    4.15    0.65     5.76 80.01 

Comatula 
purpurea 

         0.32           0.00    2.20    0.51     3.05 83.06 

Polycarpa 
viridis 

         0.43           0.13    2.19    0.53     3.03 86.08 

favid coral          0.26           0.20    1.49    0.36     2.07 88.16 
Cenolia 
trichoptera 

         0.21           0.06    1.48    0.45     2.05 90.21 
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Figure 3.49. Biomass of all filter feeders in seagr ass habitats. 
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3.1.8 Rates of primary production: Benthic Microalg ae  

Methods 

Small scale spatial patterns 

We have employed a nested sampling regime to examine the small-scale (up to 1000 m) 
variability in MPB production to give an indication of patchiness of these processes. These 
data help us isolate larger scale spatial and temporal trends from random patchiness. 
Sampling was carried out in Marmion Lagoon and incorporated a nested hierarchical design 
at five spatial scales: 10cm between replicates, 1m between plots, 10m between sites, 100m 
between locations and 1000m between stations. At each of the main “stations”, two 
“locations” separated by 100m were randomly selected using GPS to measure the distance 
between them. Each of these locations was 10 m in diameter. A marker was placed at the 
centre of the location and two sites separated by 10 m were selected by running a 5m measure 
out from the marker. Located at each site were two plots 1 m apart. From each plot we also 
collected three 9.3cm ID sediment cores 10 cm apart which were returned to the laboratory 
for incubations. We conducted “light” and “dark” incubations on sequential days using the 
same cores. 

Large scale spatial patterns 

On a larger scale, primary production by MPB was quantified in winter (August 2008) and in 
summer (January 2009) at six stations within or near Marmion Lagoon (Cow Rock, AA, BB, 
MM4, MM1 and M3MRS) (Figure 3.50). We collected twenty four 9.3cm ID sediment cores 
at each station. The cores were selected from a restricted location to reduce the small scale 
spatial variability. However, if sand ridges were present cores were evenly distributed 
between the ridge peaks and troughs to average out this potential source of variability. In this 
case each experimental aquarium was illuminated by a metal halide lamp. Light exposure was 
varied using neutral density film sufficient to achieve a range of nominal light intensities up 
to 1200 µmol quanta m-2 s-1. Light readings were taken with a Licor PAR meter equipped 
with at two pi PAR sensor at the beginning and end of the incubation and the irradiance used 
in the calculations represents the average of these two measurements. Heavy black plastic 
was wrapped around the bin containing the cores for the dark treatment. In all, 8 experimental 
treatments (7 different light intensities and one dark incubation) were conducted for each 
station by conducting incubations on sequential days using the same cores. 
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Figure 3.50. Map of Marmion Lagoon sampling station s. 

Incubations 

Cores were returned to the laboratory and distributed into four tubs (i.e. 6 cores per tub) with 
a continuous flow of clean ambient seawater (6 litres per minute). The cores in each tub 
represent replicates of an experimental treatment. 

At the beginning of the incubation, each of the cores was sealed with a clear acrylic lid. The 
lid has two ports, one for sampling and the other to allow the resupply of surrounding water 
as each sample is collected. The water inside the core is stirred gently by a 4cm Teflon coated 
magnetic stirrer bar suspended under the lid and driven by a small electric motor. Soon after 
each core was sealed a 30ml sample of water was collected for dissolved oxygen analysis and 
a further 35 ml sample of water was collected from each core for dissolved nutrient analyses. 
This initial sampling serves as a starting reference for the incubation. Two further samples 
were collected from each core at regular intervals during the incubation. After the incubation 
was complete the lids were removed and the cores left until the next morning when the same 
routine was practiced for the remaining light intensity treatments. After the final sampling, 
the length of the sediment plug and overlying water column were measured and the sediment 
stored frozen for later geochemical analysis (chlorophyll a, sediment grain size, sediment 
moisture content, and sediment POC/PON). 

Rates of production and nutrient fluxes were calculated as the slope of the solute versus time 
relationship, normalised by the overlying water volume. Corrections were made for the 
replacement water from the ambient tank. Gross rates of oxygen production (production 
independent of concurrent respiration) were calculated by subtracting the rate of oxygen 
consumption at zero irradiance (dark flux) from the positive rates of oxygen evolution (light 
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flux). Production by the BMA community was determined by generating production (via 
oxygen evolution) versus irradiance curves, the currency of our biogeochemical models. A 
trend line was been fitted to the data using nonlinear curve fitting techniques and the 
equations of Platt et al. 1980 if photoinhibition was evident or Webb et al., 1974 if it was not. 

Results 

Small scale spatial patterns 

There was no significant variation between the two “stations” located 1000m apart in 
Marmion Lagoon for either primary production or respiration (Table 3.16). There was 
however, significant variation in both light and dark treatments among the locations within 
these stations (the 100m spatial scale, see Table 3.16). Variations at the “location level” 
potentially obscure differences at the 1000m level, although the components of variance 
(Table 3.17) at the station level were small relative to the variation amongst locations within 
each station. Variation was generally not significant at the 10m (“site”) and 1m (“plot”) 
spatial scales, although there was significant variation in dark fluxes between the sand ridges 
and valleys (Table 3.16). In addition, there was high variation in respiration (dark flux) 
amongst replicate samples within the plots (see the residual term in Table 3.17) indicating 
patchiness at very smallest spatial scales (<1m). Again this within plot variation may have 
obscured differences at larger spatial scales. 

Table 3.16. Summary of analysis of variance for oxyg en flux in light and dark chambers. Data 
were untransformed. There were 3 replicate cores in cubated from the sand ridge an 3 from 
the valley within each plot, site, location, statio n combination. 

Source d.f. Light Flux Dark Flux 
  m.s. F P m.s. F P 
Station 1 7690.07 0.96 0.43 1.39 0.01 0.94 
Location(S) 2 7999.98 90.98 <0.001 180.979 58.45 0.001 
Site(L(S)) 4 87.93 2.15 0.16 3.09 0.28 0.88 
Plot(Si(L(S))) 8 40.99 0.58 0.78 10.99 0.35 0.9327 
RidgeValley(P(Si(L(S)))) 16 71.06 0.92 0.553 31.5 2.09 0.02 
Residual  64 77.4   15.09   

 

Table 3.17. Variances estimated from the analysis of  variance detailed above. 

Source of variation Light Dark 
Among stations =S 0 0 
Among locations within 
stations 

=L(S) 329.7  7.4 

Among sites within 
locations Site 

=(Si(L(S))    3.9 0 

Among plots within 
sites 

=P(Si(L(S)))   0 0 

Between ridges and 
valleys within Plots  

=RV(P(Si(L(S)))) 0      5.5 

Among replicates =Residual  77.4 15.1 

 

At the location within station level, results were temporally confounded (different locations 
were samples on different days) so we conducted a further set of incubations to test whether 
these differences were genuinely spatial or actually temporal in nature. In this situation we 
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investigated only the station and location levels (as well as ridges and troughs which was also 
significant) but all on the one day to eliminate temporal confounding. In contrast to the 
original, variation at the location within station level was no longer significant suggesting 
that those differences were indeed temporal in nature (Table 3.18). The variation in 
respiration (dark flux) at the largest spatial scale was also now significant (Table 3.18) 
further suggesting that temporal variations between sampling days may be more important 
than spatial variations. 

Table 3.18. Summary of analysis of variance for oxyg en flux in light and dark chambers. Data 
were untransformed. There were 3 replicate cores in cubated from the sand ridge an 3 from 
the valley within each location, station combinatio n. 

Source d.f. Light Flux Dark Flux 
  m.s. F P m.s. F P 
Station 1 1.2x10-6 3.5 0.20 229 14492 <0.001 
Location(S) 2 3.2x10-7 0.05 0.95 0.02 0 1.00 
RidgeValley(L(S)) 4 6.5x10-6 1.58 0.23 61.2 4.4 0.01 
Residual 16 4.1x10-6   13.9   

 

Large scale spatial patterns 

PMax was higher in summer than winter at four of the stations in Marmion Lagoon (BB, 
MM4, MM1 and M3MRS), suggesting that microphytobenthos communities are capable of 
fixing carbon more rapidly and efficiently during the summer period. Winter PMax was not 
different to summer at AA and Cow Rock (Figure 3.51 and Figure 3.52). However, some of 
the seasonal differences in production rates may be accounted for by variations in biomass. 
Chlorophyll a concentration was highest at the BB station (6.3 ± 0.4 mg g-1 wet wt during the 
winter and 5.2 ± 0.2 mg g-1 wet wt in summer Figure 3.52). The lowest chlorophyll a 
concentrations (1.7 ± 0.09 mg g-1 wet wt during both the summer and winter sampling) were 
measured at the deep offshore station (M3MRS) (Figure 3.52).  In the absence of the 
contribution made by differences in biomass (i.e. production data normalised according to 
chlorophyll content) PMax during the summer remained higher than the winter at three of the 
stations (BB, MM4 and M3MRS) but the seasonal variation in PMax at the MM1 station was 
no longer significant. 
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Figure 3.51. Production (mmol O2 m-2 h-1) versus irr adiance ( µµµµmol m-2 s-2) curves collected 
during winter (left) and summer (right) from six st ations in Marmion Lagoon. The blue dotted 
line is PMax and the red dotted line is Ik. The shad ed area is the 95% confidence interval for 
the fitted curve. 
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Figure 3.52. Mean (and 95% confidence intervals) of  (top) PMax (mmol O 2 m
-2 h-1), (centre) 

Chlorophyll a concentration (mg g -1 wet weight) and (bottom) PMax calculated from 
Chlorophyll a normalised oxygen flux data (mmol O 2 m

-2 h-1/µµµµg g -1 wet weight) collected in 
winter and summer from six stations in marmion Lago on. 

Average respiration rates were universally higher in summer than winter, significantly so at 
the inner shelf Cow Rock, mid shelf BB and MM1 and outer shelf M3MRS stations 
presumably as a result of temperature dependant constraints on microbial activity (Figure 
3.53). The highest rates of summer time respiration was measured at the deep offshore station 
and amounted to -12.8 ± 1.3mmol O2 m

-2 hr-1 (Figure 3.53). These deeper stations are located 
close to reefs with abundant macroalgal populations and the higher respiration rates may 
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reflect higher rates of carbon supply from eroding plant material or labile macroalgal 
exudates. 

 
Figure 3.53. Mean (and 95% confidence intervals) of  (top) Ik ( µmol m−2 s−1), (centre) alpha 
(mmol O2 µµµµmol photons-1) and (bottom) Rd (mmol O2 m-2 h-1) fo r data collected in summer 
and winter from six stations across the disturbance  gradient. 

Pmax was highest during summer at the three mid shelf stations within Marmion Lagoon 
(44.8 ± 9.9 at AA, 49.1 ± 3.6 at BB and 46.22 ± 6.5 at MM4) (Figure 3.52). The lowest PMax 
values were at the inner shelf Cow Rock station (22.1 ± 3.6 mmol O2 m

-2 hr-1 in Summer and 
23.3 ± 2.53 mmol O2 m-2 hr-1 in winter Figure 3.51 and Figure 3.52). Again variations in 
chlorophyll a concentration also influence the spatial distribution of PMax. While summer 
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time Pmax values at the mid and outer shelf stations were similar, biomass at each station 
was quite different. Of the mid and outer shelf stations, chlorophyll a content was highest at 
the BB station and lowest at the offshore M3MRS station (Figure 3.52 The highest 
chlorophyll a normalised Pmax (26.9691 ± 3.9231 mmol O2 m

-2 h-1/µg g-1 wet weight during 
summer) was at the deep station M3MRS and suggesting that the cells at the deeper stations 
may fix carbon more efficiently to account for reduced light intensity (Figure 3.52). 

There were no statistically significant seasonal or spatial variations in Ik (Figure 3.53). 
Average alpha (the relationship between oxygen flux and light intensity at low irradiances) 
was higher in summer than winter at all stations except the inner shelf Cow Rock station 
(Figure 3.53). However, this seasonal difference in alpha was only significant at the MM4 
(mid shelf in Marmion Lagoon), MM1 (mid shelf outside Marmion Lagoon) and M3MRS 
(offshore) stations (Figure 3.53). 

3.1.9 Rates of primary production: laboratory studi es on Macroalgae 

Methods 

Sampling site 

All macroalgae were collected by divers from one small area of limestone reef (North 
Lumps) located in 10 m water depth in Marmion Lagoon, Western Australia. The relationship 
between production and irradiance was measured for four species; the brown algae Ecklonia 
radiata and Sargassum sp., and the red algae Pterocladia lucida and Hennedya crispa. 
Winter experiments were conducted in August – September 2008 while summer experiments 
were conducted in February – March 2009. 24 replicate plants were divided randomly into 
four experimental tanks (six per tank. Irradiance was manipulated using neutral density 
screens. Each plant was transferred into a 10 cm diameter by 30 cm length of plastic tube and 
sealed with a clear acrylic cap. A sample of the water was collected from each chamber and 
analysed for dissolved oxygen. Two further dissolved oxygen samples were collected from 
each of the chambers at one hour intervals to complete the incubation. The system was then 
left until the next morning when the same routine was followed for four other light 
intensities. 

In April 2008 we conducted analyses on 11 of the most common species encountered at our 
sampling site. These were Ecklonia radiata, Sargassum sp., Pterocladia lucida, Rhodymenia 
sp., Padina sp., Lobophora variegata, Dictyomenia sonderi, Echinothamnion hystrix, 
Caulerpa scalpeliformis, Hennedya crispa, and Asparagopsis taxiformis. In this case, six 
replicate plants of each species were spread between three tanks (eight per tank) and 
incubations conducted in the manner described above but at a single light intensity of 190 
µmol photons m−2 s−1 on one day and in the dark the next day. E. radiata was incubated 
twice, as part of the first and last incubations, to test for temporal effects between sampling. 

Rates of oxygen consumption/evolution were calculated from the linear regression of the 
oxygen concentration data as a function of time, the volume of the chamber and the wet 
weight of the algae. Corrections were made for the replacement water sampled with ambient 
tank water. Gross rates of oxygen production (production independent of concurrent 
respiration) were calculated by subtracting the rate of oxygen consumption at zero irradiance 
(dark flux) from the positive rates of oxygen evolution (light flux). A curve was fitted to the 
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P vs I data using nonlinear curve fitting techniques and the equations of Platt et al. (1980) if 
photoinhibition was evident or Webb et al. (1974) if it was not. 

Macroalgal biomass data (wet weight) was collected from Marmion Lagoon at 6 stations in 
summer and 4 stations in winter. Light intensity at 10 m was measured for 40 days in summer 
(16 Jan 2008 to 25 Feb 2008) and 37 days in winter (6 July 2007 to 12 Aug 2007) by a 
mooring located in 20 m of water just offshore in Marmion Lagoon (see chapter 1). Summer 
and winter areal production estimates for reef habitat were made using these estimates of 
biomass, the P vs I relationship for each species and the underwater light regime. These areal 
production measurements were then scaled based on the amount of reef habitat in Marmion 
Lagoon calculated from habitat maps to give an estimate of whole of Lagoon production. 

Results 

P vs I experiments 

The highest Pmax (94.9 ± 22.0 µmol O2 g
-1 wet wt h-1 by Pterocladia lucida and 70.1 ± 17.7 

µmol O2 g
-1 wet wt h-1 by Hennedya crispa) were measured in the smaller species during 

summer (Figure 3.54 & Figure 3.55). Summer Pmax (16.3 ± 3.0 µmol O2 g
-1 wet wt h-1 for E. 

radiata and 31.9 ± 6.4 µmol O2 g
-1 wet wt h-1 for Sargassum sp.) in the larger species were 

lower (Figure 3.54 and Figure 3.55). On a biomass-specific basis (i.e data presented per gram 
of plant wet weight), the production efficiency of the macroalgal species studied was strongly 
correlated to the size of the plant. The P vs I curves suggest that the smaller understorey 
species (Pterocladia lucida and Hennedya crispa) fix carbon more efficiently than the larger 
canopy species (Ecklonia radiata and Sargassum sp.) (Figure 3.55). Similarly, production by 
the 11 species investigated at a single light intensity was generally inversely correlated to the 
size of the plant. Smaller individuals had higher rates of production per gram of biomass (i.e. 
were more efficient primary producers) than the larger species (Figure 3.56). The highest rate 
of primary production (42.0 ± 11.4 µmol O2 g

-1 wet wt h-1) measured was for P. lucida, the 
second smallest species incubated, while the lowest rate (7.9 ± 3.9 µmol O2 g

-1 wet wt h-1) 
was for Echinothamnion hystrix, the largest (Figure 3.56). The size-related variations in 
production efficiency are likely to be due to differences in the surface area of the plant 
relative to the volume (SA:V) (Nielsen & Sandjensen 1990). Small plants have a larger 
relative surface area and more photosynthetic pigment per gram of biomass (because the 
larger plants require more structural tissue relative to photosynthetic tissue to maintain their 
integrity) and can collect more light (per unit of volume) than larger plants (Littler 1980, 
Peckol & Ramus 1988, Agusti et al. 1994, Enriquez et al. 1994, Johansson & Snoeijs 2002). 
The larger relative surface area in small plants also results in a higher nutrient uptake 
efficiency (Rosenberg & Ramus 1984, Hein et al. 1995, Taylor et al. 1998). So while the 
metabolic needs of the plant will increase with its volume (the higher volume plant requiring 
more nutrients and more light than the lower volume plants), the smaller surface area relative 
to the volume will result in a lower rate of light harvesting and nutrient delivery to the larger 
plants. 
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Figure 3.54. The relationship between gross primary  production (mean ± 1SD) and irradiance 
for four species of macroalgae in summer (black) an d winter (gray). The trend line has been 
fitted to the data using nonlinear curve fitting te chniques and the equations of Platt et al. 
1980 if photoinhibition was evident or Webb et al. 1974 if it was not. The shaded area is the 
95% confidence interval for the fitted curve. 
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Figure 3.55. Mean (and 95% confidence intervals) of  Pmax (top), I k (centre) and R d  (bottom) for 
four species of macroalgae collected in summer (whi te bars) and winter (black bars) from 
Marmion Lagoon, Western Australia. 
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Figure 3.56. Variations in production and respiratio n (measured by oxygen 
evolution/consumption) for 11 species of macroalgae  collected from Marmion Lagoon, 
Western Australia. The macroalgae are arranged by t he average size of the individual plants 
used in the incubations, from smallest to largest ( L-R). Ecklonia. radiata was incubated in the 
first and last incubations to test for temporal dif ferences between sampling trips. 

Production variations observed here were not solely the result of variations in the efficiency 
in harvesting and metabolism of light energy and/or nutrients. Rates of respiration (Rd) were 
also higher (i.e. more negative) in the smaller species (-15.4 ± 6.5 µmol O2 g

-1 wet wt h-1 by 
H. crispa and -8.9 ± 0.92 µmol O2 g

-1 wet wt h-1 for P. lucida) than the larger ones (-4.14 ± 
0.7 µmol O2 g

-1 wet wt h-1 by E. radiata and -6.1 ± 1.0 µmol O2 g
-1 wet wt h-1 by Sargassum 

sp.) in both the P vs I experiments (Figure 3.55) and 11 species of macroalgae incubated in 
the dark (-12.5 ± 2.0 µmol O2 g

-1 wet wt h-1 for Pterocladia lucida compared to -3.5 ± 0.7 
µmol O2 g

-1 wet wt h-1 for Ecklonia radiata) (Figure 3.56). While the uptake of light and 
nutrients will no doubt contribute to the SA:V limitation of production in irradiated plants, 
another SA:V process independent of the capacity of the plant to collect light or nutrients is 
required to explain the relationship between plant size and respiration. A SA:V-related 
reduction in diffusion across the boundary layer would reduce gas transfer and cause 
substrate (i.e. CO2) limitation and oxygen accumulation, which would limit photosynthesis in 
larger plants during irradiated periods (Sandjensen et al. 1985, Sandjensen 1989). However, a 
similar SA:V reduction to the diffusive supply of O2 and removal of CO2 during periods of 
respiration (a rate-limiting process independent of light and nutrient availability) also 
explains the size-related relationship for respiration as we observed for production. 
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The functional group or morphology of the species makes a contribution to the plants SA:V 
ratio that is independent of its mass. Highly-branched species with numerous thin filamentous 
laterals have a greater SA:V ratio than thicker coarsely-branched species of roughly the same 
weight (Arnold & Murray 1980, Littler 1980, Littler & Keith 1982, Johansson & Snoeijs 
2002). Differences in morphology may explain why the species with the smallest mass 
(Caulerpa scalpelliformis) had only the fourth highest oxygen production per unit of wet 
weight after species that had a slightly larger mass (Pterocladia lucida, Lobophora variagata 
and Padina sp.) (Figure 3.56). C. scalpelliformis has solid scalpel-like laterals while P. 
lucida is finely branched so, contrary to expectations based on plant weight, C. 
scalpelliformis actually has a smaller surface area. 

Despite the higher rates of production per unit mass of the two smaller species (Pterocladia 
lucida and Hennedya crispa), the dominance of the kelp Ecklonia radiata in terms of biomass 
causes the gross production of that species to easily eclipse that of the other three. Mean 
biomass (2,964 g m-2 in winter and up to 7,181 g m-2 in summer) and production (7.5 x 105 
µmol O2 m

-2 h-1 in winter and 2.0 x 106 µmol O2 m
-2 h-1 in summer) of E. radiata was typically 

one order of magnitude higher than in the other species (biomass <275 g m-2 for Sargassum 
sp. in winter and production <2.0 x 105 µmol O2 m

-2 h-1 for P. lucida in summer) (Figure 
3.57). 

 

Figure 3.57. Estimates of biomass (top) and areal pr oduction (bottom) for four species of 
macroalgae collected in summer (white bars) and win ter (dark bars) from Marmion Lagoon, 
Western Australia.
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For three species studied (Sargassum sp., Hennedya crispa and Pterocladia lucida), 
Pmax was higher in summer (31.9 ±±±± 6.4, 70.1 ±±±± 17.7 and 95.0 ±±±± 21.0 µµµµmol O2 g-1 wet 
wt h-1, respectively) than winter (23.4 ±±±± 5.1, 12.9 ±±±± 2.5 and 37.1 ±±±± 6.7 µµµµmol O2 g-1 
wet wt h-1, respectively) (Figure 3.55), probably due to temperature-related 
metabolic differences (Davison 1991), lower winter light levels (Middelboe et al. 
2006) and/or natural variations in the plant life cycle (i.e. winter senescence Kilar et 
al. 1989). 

Temperature effects and plant life cycle also explain greater respiration (Rd) in summer than 
winter for all four species. The largest difference in Pmax between summer and winter was for 
the smaller species P. lucida (57.9 µmol O2 g

-1 wet wt h-1) and H. crispa (57.2 µmol O2 g
-1 

wet wt h-1), while seasonal differences in Pmax for E. radiata and Sargassum sp., were small at 
12.6 and 8.5 µmol O2 g

-1 wet wt h-1, respectively (Figure 3.55). The size related difference is 
possibly due to higher summer temperatures increasing diffusive gas transfer rates more in 
the small species (higher SA:V) than the larger ones. 

In contrast to the other three species, Pmax in Ecklonia radiata was slightly higher in the 
winter (29.0 ± 6.0 µmol O2 g

-1 wet wt h-1) than summer (16.3 ± 3.0 µmol O2 g
-1 wet wt h-1) 

despite significant seasonal reductions in irradiance (Figure 3.55). Higher E. radiata alpha in 
winter (0.22 ± 0.14 µmol O2 µmol photons-1) than summer (0.15 ± 0.07 (µmol O2 µmol 
photons-1) suggest higher photosynthetic efficiency at lower irradiances during winter (Figure 
3.55). It is possible that E. radiata is able to alter its photosynthetic capacity/efficiency 
during winter to compensate for the lower winter irradiances. This may be a photoadaptive 
response of the photopigments to increase the size of the functional absorption cross section 
(Fairhead & Cheshire 2004). While our data seem to support the suggestion that E. radiata 
can change its photosynthetic response to maintain optimal performance during winter, the 
species continued to display variations in Pmax across a depth gradient (Fairhead & Cheshire 
2004) suggesting it has not made the same adjustments to compensate for depth-related 
variations in irradiance. 

Despite the similar seasonal patterns of photosynthetic efficiency (as suggested by Pmax), a 
large seasonal biomass accumulation by Ecklonia radiata combined with the seasonal 
variations in light intensity ensured that summer E. radiata production (1.1 x 106 µmol O2 m

-2 
h-1) was around 2.7 times higher than in winter (4.8 x 106 µmol O2 m

-2 h-1). In relative terms, 
the summer-winter difference in production by Pterocladia lucida was higher (4.4 times) but 
the smaller difference in the magnitude of the biomass difference meant that production 
differed by an order of magnitude less (1.5 x 105 µmol O2 m

-2 h-1) (Figure 3.57). These results 
suggest that variations in E. radiata biomass has the largest effect on seasonal production 
dynamics and are further evidence of the overwhelming contribution that E. radiata makes to 
overall patterns of community production in Marmion Lagoon. 

 



IMPROVED DESCRIPTIONS AND CONCEPTUAL MODELS 

WAMSI Node 1 Project 1 Annexure A • 30 June, 2011 170 

3.1.10 Rates of primary production: field studies o n Kelp 

Methods 

Study area 

The small kelp Ecklonia radiata (C.Ag.) J. Agardh is the dominant macroalga across most of 
southern Australia and is the only true kelp found in the warmer seas of Western Australia 
and southern Queensland. Ecklonia radiata forms large, conspicuous beds in subtidal waters 
on moderate to rough water coasts. Ecklonia radiata exhibits a distinct seasonal pattern with 
a maximum in spring (October to December) with a rapid decline to a minimum during 
January through March. 

We chose nineteen sites to span the widest range in light, temperature and water motion 
experienced by Ecklonia radiata in Marmion Lagoon. The sites encompassed a depth range 
of 2.5 m to 17.3 m and were all within 3 nm of each other. Measurements were taken in the 
austral summer (December 2008-January 2009), winter (May-June 2009) and spring 
(September-October 2009). These periods coincide with periods of change in the growth rates 
of the kelp (summer and winter) or in maximum growth (spring). 

The density of E. radiata at each of the sites was calculated by counting all sporophytes >10 
cm tall in three 0.25 m2 quadrats, haphazardly placed within a 10 m radius of a stake marking 
each site. At all chosen sites, E. radiata forms continuous beds. 

Measurement of productivity 

The productivity (defined here as the rate at which new organic matter is created by 
photosythesis (Kirkman 1984) of each individual E. radiata, was measured following a 
method described by Mann & Kirkman (1981): adapted by Fairhead & Cheshire (2004). This 
method takes advantage of the fact that the primary meristem of kelps, including E. radiata, 
is located at the junction of the stipe and blade, so that movement of a hole punched in the 
basal area of the blade over a certain time period gives a good measure of thallus extension. 
Individual E. radiata were marked by punching two holes into the central lamina, 5 cm and 
10 cm from the junction between the stipe and the lamina. The initial 5 cm hole was punched 
since it was anticipated the majority of growth would be below the 5 cm mark. The second 10 
cm hole was to ensure growth was restricted to between the stipe and blade and the initial 5 
cm mark. This was indeed the case with 95% of individuals recording all growth in this zone. 

Twenty adult individuals were marked at each site during each survey and were collected 31-
42 days later. Sampling occurred in the austral summer (December/January 09), winter 
(May/June 2009) and spring (September/October 2010). Only mature plants greater than 100 
g wet weight were used in the study to ensure that all comparisons are made with only the 
sporophyte life stage. The distance of each hole from the junction between stipe and lamina 
was then measured in the laboratory (allowing the extension to be calculated by subtraction), 
and the first 20 cm of the thallus was then cut into 5 cm strips and weighed (wet weight, in 
grams). The strip with the maximum biomass was then used to calculate biomass 
accumulation (BA; g ind-1 d-1) as BA = xw/5d where x is the thallus extension (cm), w is the 
weight of the heaviest strip (g), and d is the number of days between punching the hole and 
collecting the kelp. The rate of BA per plant was then divided by the weight of the entire 
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thallus to produce an estimate of the relative growth rate. This measure is referred to here as 
the mass-standardised biomass accumulation (MSBA; mg-1 g.ind-1 d-1). This growth measure 
is sometimes referred to as specific growth rate, relative biomass accumulation or 
productivity (Kirkman 1984, Fairhead & Cheshire 2004). 

Environmental characteristics 

Light (lux) and temperature (ºC) measurements were measured at each site using a HoboTM 
light and temperature logger (Part# UA-002-64 or Part#UA-002-08) set to record these 
parameters every 10 minutes. Loggers were attached to star pickets 30 cm above the 
substrate. Two loggers were positioned at four sites to allow assessment of their reliability. 
All light and temperature values from sites where two loggers were deployed were within 2% 
of average measurements. Because the loggers measured illuminance, and measures a 
different spectrum of wavelengths to those used by plants during photosynthesis, a 
comparison of lux and photosynthetically active radiation (PAR) was also performed. 
Comparative data were obtained on two occasions (December 2009 and July 2010) by 
attaching Hobo loggers to a CTD equipped with a PAR sensor. On each occasion average lux 
light readings from three Hobo loggers were compared to average PAR measurements 
obtained from the CTD at a series of 5 m depths ranging from 5m to 20m across the lagoon. 
A simple regression between the average lux values obtained from Hobo loggers and the 
average PAR values obtained from a CTD indicated a linear relationship (R2=0.9822) The 
lux measurements recorded by the Hobo loggers were then converted into a lux hours-1 
measurement to account for changes in day length. Seven loggers were lost during the winter 
sampling period. These sites were excluded from the statistical analysis. In addition, one site 
was inaccessible during winter (site 12) and therefore was also excluded from the analysis. 
Estimates of wave energy (urms) for each site were obtained using data from the Swan 
model. 

Nutrient samples were obtained by divers before harvesting kelp using 10 ml plastic vials. 
Samples were obtained from waters below the kelp lamina. 50 ml samples of seawater from 
the sites were analysed for dissolved silica, phosphate, nitrate and nitrite, as well as ammonia 
concentrations. Dissolved silica, phosphate and nitrate/nitrite were analysed using a flow 
injection analysis while ammonia concentration was determined using a flow injection 
analysis, gas diffusion, derivatisation - fluorescence detection method. For dissolved silica, Si 
species were reacted with molybdate at 45ºC pH 1.2, and then reduced with stannous chloride 
to form a heteropoly blue complex which was measured at 820 nm. Phosphate was reacted 
with molybdate and antimony potassium tartrate in acid medium which was then reduced 
with ascorbic acid to form a blue complex which was measured at 880 nm. Nitrate was 
analysed by first undergoing reduction to nitrite by passing it through a copperised cadmium 
column. Nitrite is then reacted with sulfanilamide under acidic conditions to form a 
diazonium salt which was then coupled with N-(1-naphthyl) ethylenediamine 
dihydrogenchloride to form a pink complex which was measured at 520 nm. For ammonia, a 
Sodium hydroxide solution was added to liberate ammonia which was then diffused across a 
PTFE membrane to react with ortho-phthaldialdehyde (OPA) - sulfite solution. This solution 
was then excited at 310nm and the fluorescence measured at 390nm. 

Statistical analyses 

To assess the relative variations in productivity among sites and among individual kelps, we 
determined the relative magnitude of effect (ω2: Graham & Edwards 2001);. The relative 
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magnitude of effects was calculated as the variance component of each factor, divided by the 
sum of all variance components (Winer et al. 1991). Because different numbers of individuals 
were retrieved from each site, the analytical model was unbalanced. Consequently, we used a 
formula for unbalanced models. 

The main focus of analyses was determining which of the measured environmental variables 
(temperature, light, water motion (urms), nutrients (PO4, DSi, NO2/NO3, NH4) best predicted 
spatial variation in productivity. To do this we used linear multiple regression searching for 
the best combination of predictor variables from all possible combinations. The method 
identifies the best combination of each number of variables (i.e of models of each size). 
Models of different sizes were compared using three metrics: adjusted R2, Akaike 
Information Criterion (AIC) and Schwarz Bayesian Information Criterion (BIC). Analysis 
was conducted using the leaps package in the R statistical software. Candidate models were 
then assessed for statistical significance in SPSS 17.0. Regressions were performed 
separately for each of the summer, winter and spring sample periods. Three metrics of growth 
and productivity were assessed separately: thallus extension, biomass accumulation and 
MSBA. 

Results 

1140 E. radiata were tagged during the course of the study and 752 individuals retrieved and 
processed (Table 3.19). The average number of tagged E. radiata retrieved between seasons 
varied. During the summer sampling the overall average percentage of E. radiata retrieved 
was 68%, in winter 60% and 86% in spring (Table 1). Despite the close proximity of the 
sites, there was considerable variation in physical characteristics (Table 3.19). Average water 
temperature of the sites encompassed a range of 1.4ºC (21.6ºC to 23.0 ºC) in summer, 1.2ºC 
in winter (19.2 ºC to 20.4 ºC), and 0.5 ºC in spring (17.3 ºC to 17.8 ºC) (Table 3.19). Average 
light intensity varied from 1385 lux h-1 to 224959 lux h-1 in summer, 4421 lux h-1 to 93677 
lux h-1 in winter and 9940 lux h-1 to 112086 lux h-1 in spring (Table 3.19). Water movement 
obtained from the Swann model varied across the lagoon depending on the characteristics of 
the individual site (Table 3.19). The Swan model predicted water movements between 0.24 
and 0.61 ubot (Table 3.19). In general, sites with high water movement were located across 
the reef in the mid lagoon area and at inshore exposed sites (Table 3.19). 



IMPROVED DESCRIPTIONS AND CONCEPTUAL MODELS 

WAMSI Node 1 Project Report Annexure A • 30 June, 2011 173 

Table 3.19. The number of tagged Ecklonia radiata retrieved from each of the Marmion Lagoon sites an d the average density of Ecklonia radiata from each site. 
Physical characteristics recorded for each of the s ites where kelp growth was recorded in Marmion Lago on, Western Australia. 

  Summer (Dec-Jan 2008/09) Winter (May-June 2009) Spring (Sept-Oct 2009) 
Site Depth 

(m) 
Water 

Movement 
(ubot) 

Number 
of 

retrieved 
kelp 

Density 
per m2 

Bottom 
Temp 
(ºC) 

Light 
intensity 

(Lux 
hours-1) 

Number 
of 

retrieved 
kelp 

Density 
per m2 

Bottom 
Temp 
(ºC) 

Light 
intensity 

(Lux 
hours-1) 

Number 
of 

retrieved 
kelp 

Density 
per m2 

Bottom 
Temp 

Light 
intensity 

(Lux 
hours-1) 

1 11.3 0.37 15 25.3 21.7 71892 4 14.7 20.2 4616 8 16 17.4 13274 
2 12.5 0.33 16 18.7 21.6 20475 8 9.3 19.9 4226 14 9.3 17.4 9940 
3 17.3 0.26 20 32 21.7 31541 11 2.7 20.4 9987 20 2.7 17.5 16554 
4 15.1 0.29 21 30.7 21.7 31541 15 10.7 20.4 4421 18 6.7 17.6 20473 
5 14.7 0.27 16 25.3 21.7 1385 20 12.0 20.4 4421 20 1.3 17.6 13099 
6 5.3 0.61 12 20 22.5 81667 6 6.7 nd nd 7 4 17.8 18378 
7 10.1 0.31 14 20 22.1 109512 17 9.3 19.4 17743 19 4 17.3 17926 
8 2.5 0.50 17 30.7 22.7 158885 5 4.0 nd nd 15 12 17.3 97389 
9 5.4 0.28 17 16 22.7 158885 13 2.7 nd nd 14 6.7 17.8 112086 
10 7.1 0.25 15 20 22.6 109841 12 4.0 nd nd 20 10.7 17.7 72143 
11 9.7 0.38 8 10.7 22.2 158885 12 9.3 19.0 52137 12 8 17.4 19156 
12 8.7 0.40 12 16 22.6 2611 0 nd nd nd 9 2.7 17.7 74407 
13 5.3 0.37 11 22 22.6 187660 18 17.3 nd nd 20 17.3 17.6 78553 
14 3.7 0.24 12 26.7 22.8 48502 18 17.3 19.2 30641 20 8 17.7 58494 
15 3.9 0.38 8 26.7 22.9 210025 7 21.0 19.2 30641 19 13.3 17.7 78966 
16 4.3 0.35 8 26.7 22.9 129263 13 13.3 19.2 nd 15 8 17. 7 56821 
17 4.3 0.30 14 13.3 23.0 215234 17 14.7 19.7 30012 8 6.7 17.6 28754 
18 4.6 0.32 12 25.3 22.7 48444 18 12.0 19.6 93677 8 13.3 17.5 63202 
19 4.9 0.47 7 14.7 22.9 224959 2 2.0 nd nd 3 8 17.6 58368 

 

* nd indicates no data. Light and temperature data was unable to be collected at some sites due to loss of loggers during winter. In addition, site 12 was not assessed in 
winter. 
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In Summer, magnitude of effects analysis indicated 24.44% of the observed variation was 
between sites (Table 3.20) for extension rates. When biomass accumulation was used as a 
growth measure, the between site variation fell to 17.48% (Table 3.20). For MSBA 
Magnitude of effects analysis suggested that 10.10% of the variation observed was due to 
between site differences. 

Magnitude of effects values for between site variations, were consistently above 20% for 
winter. Between site variation was 30.69% using extensions as a growth measure (Table 
3.20). When biomass accumulation was used as a growth measure the between site variation 
fell to 20.77% (Table 3.20). 39.26% of the variation observed in our data was between site 
variation (Table 3.20). 

In spring, between sites variations varied widely depending on the growth measure used. For 
extensions, between sites variation accounted for 26.14% of the variation observed (Table 
3.20) while for BA between site variations was higher than individual variation at 60.37% 
(Table 3.20). Between sites variation was 16.07% of the variation observed for MSBA (Table 
3.20). 

Table 3.20. Results of analyses of variance testing  for differences between and within sites. 

Extension df MS F P vc ω
2 

Summer 18 18.7 5.37 0.00 1.125 24.44 
Residual 239 3.48   3.478  
       
Winter 17 12.63 6.24 0.00 0.89 30.69 
Residual 198 2.03   2.02  
       
Spring 18 28.48 6.09 0.00 1.65 26.14 
Residual 257 4.67   4.67  
       
BA       
Summer 18 3.32 3.87 0.00 0.182 17.48 
Residual 239 0.86   0.859  
       
Winter 17 0.64 3.38 0.00 0.038 20.77 
Residual 198 0.18   0.183  
       
Spring 18 12.15 9.69 0.00 0.757 60.37 
Residual 257 1.25   1.254  
       
MSBA       
Summer 18 10.13 2.51 0.00 0.452 10.10 
Residual 239 4.02   4.025  
       
Winter 17 22.62 8.66 0.00 1.69 39.26 
Residual 198 2.61   2.61  
       
Spring 18 23.12 3.75 0.00 1.18 16.07 
Residual 257 6.16   6.16  
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Summer 

Analyses of summer growth data yielded statistically significant models in each case. The best 
model for each measure of growth or productivity depended on the metric used to assess each 
model. Temperature was the first factor to be added to all candidate models. 

For thallus extension, both AIC and BIC suggested temperature alone (Table 3.21). Overall, 
both metrics found temperature to have the most influence on the average length of extensions 
in E. radiata during summer (Table 3.21; adj R2=0.60;p=0.000). 

The best model to predict kelp biomass accumulation depended on the metric used to assess 
each model. AIC suggested temperature alone (Table 3.21) while BIC suggested a model that 
included Temperature and Light however this model was not statistically significant. Overall, 
both models found temperature to have the most influence on the average biomass 
accumulation of E. radiata (Table 3.21; adj R2=0.22; p=0.025) during summer. 

When the BA was adjusted for the size of each individual E. radiata, then BIC suggested a 
model consisting of Temperature with the nutrients phosphate, dissolved silica, ammonia and 
Water Movement. AIC suggested a model containing all of these factors except ammonia. 
Neither of these models was statistically significant. The only model to yield a statistically 
significant result contained temperature only (Table 3.21; adj R2=0.4528; p=0.001). 
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Table 3.21. Candidate models obtained from linear m ultiple regressions in R comparing summer 
growth data for E. radiata to environmental parameters in Marmion Lagoon West ern Australia. 
Values in bold indicate the best values for adjusted  R2, Mallow’s Cp and BIC. 

No of 
predictors 

Model Adj R2 AIC BIC Model Significance (p) 

Extension 

1 Temperature 0.60 -0.84 -12.45 0.000 

2 Temperature+N 0.61 -0.25 -11.50 0.201 

3 Temperature+N+PO4  0.61 1.00 -9.71 0.493 

4 Temperature+N+PO4+Water Movement  0.59 2.65 -7.32 0.725 

5 Temperature+N+PO4+Water Movement +NH4 0.58 4.24 -5.06 0.753 

6 Temperature+N+PO4+Water Movement 
+NH4+Si 

0.55 6.00 -2.51 0.768 

7 Temperature+N+PO4+Water Movement 
+NH4+Si+ Light  

0.52 8 0.41 0.855 

      

Biomass Accumulation 

1 Temperature 0.22 3.12 0.11 0.025 

2 Temperature+Light 0.31 1.91 -0.65 0.085 

3 Temperature+Light+PO4 0.34 2.32 0.15 0.314 

4 Temperature+Light+PO4+ Water Movement  0.36 3.14 1.34 0.384 

5 Temperature+Light+PO4+ Water Movement 
+NH4  

0.35 4.52 3.24 0.616 

6 Temperature+Light+PO4+ Water Movement 
+NH4+Si 

0.33 6.05 5.43 0.677 

7 Temperature+Light+PO4+ Water Movement 
+NH4+Si +N 

0.27 8 8.28 0.703 

      

MSBA 

1 Temperature 0.4528 16.12 -6.65 0.001 

2 Temperature+PO4 0.5067 13.40 -6.83 0.095 

3 Temperature +PO4+Water Movement 0.6394 7.09 -11.06 0.181 

4 Temperature +PO4+Water Movement+Si 0.7206 2.66 -12.746 0.484 

5 Temperature +PO4+Water Movement+Si +NH4 0.7446 4.11 -14.449 0.627 

6 Temperature +PO4+Water Movement+Si 
+NH4+Light 

0.7379 5.52 -12.533 0.708 

7 Temperature +PO4+Water Movement+Si 
+NH4+Light+N 

0.6618 8.000 -5.2663 0.953 
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Winter  

Light was generally less abundant during winter compared to summer and deeper offshore 
sites received only 10% of the average illuminance they had received during summer (Table 
3.19). The temperature gradient that occurred in summer (i.e cooler temperatures at offshore 
reefs) was reversed in winter with lower temperatures at inshore sites (Table 3.22). All of the 
offshore sites had considerably lower growth compared to the summer period while those 
closer to shore had higher growth in winter compared to summer (Figure 3.1). 

Analyses of the winter growth data yielded statistically significant results only for smaller 
models for thallus extension and BA-in each case the full models were not statistically 
significant. For thallus extension AIC suggested a model containing only light intensity 
(Table 3.22; AIC=0.52) while BIC suggested a model with light, phosphate and ammonia 
(Table 3.22; BIC=-6.09). The only statistically significant model contained light intensity 
only (Table 3.22; adj R2=0.50; p=0.006). 

For BA, BIC suggested a model consisting of temperature and dissolved silica (Table 3.22; 
BIC=-0.93). AIC suggested a model containing only temperature (Table 3.22;AIC=0.67). This 
model was also the only statistically significant model (Table 3.22; adj R2=0.29; p=0.04). 

For MSBA, BIC suggested a model consisting of Light, Water Movement and NH4 (Table 
3.22; BIC=-12.60) while AIC suggested a model containing Light and Temperature (Table 
3.22; AIC=0.32). The model suggested by AIC was also statistically significant (Table 3.22; 
adj R2=0.73; p=0.027). 
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Table 3.22: Candidate models obtained from linear m ultiple regressions in R comparing winter 
growth data for E. radiata to environmental parameters in Marmion Lagoon West ern Australia. 
Values in bold indicate the best values for adjusted  R2, Mallow’s Cp and BIC. 

No of 
predictors 

Extension 
Adj 
R2 

AIC BIC 
Model 
Significance 
(p) 

Extension      

1 Light 0.50 0.52 -4.70 0.006 

2 Light+Si 0.56 0.91 -4.74 0.082 

3 Light+PO4+NH4 0.64 1.02 -6.09 0.534 

4 Light+PO4+NH4+Si  0.63 2.51 -4.88 0.614 

5 Light+PO4+Si +Temperature+Water Movement  0.58 4.32 -2.90 0.637 

6 Light+PO4+Si +Temperature+Water 
Movement+ N  

0.53 6.05 -1.19 0.806 

7 Light+PO4+Si +Temperature+Water 
Movement+ N + NH4  

0.42 8 1.13 0.909 

      

Biomass 
accumulation 

     

1 Temperature 0.29 0.67 -0.33 0.040 

2 Temperature+ Si 0.39 0.71 -0.93 0.221 

3 Temperature+ Si+Water Movement  0.39 1.99 0.21 0.233 

4 Light+Water Movement +NH4+Si  0.44 2.79 0.01 0.620 

5 Light+ Water Movement +NH4+Si+PO4  0.46 4.00 0.32 0.623 

6 Light+ Water Movement +NH4+Si+PO4+N  0.34 6.00 2.80 0.685 

      

MSBA      

1 Light 0.68 0.32 -9.97 0.001 

2 Light+Temperature 0.73 0.32 -10.80 0.027 

3 Light+Water Movement+NH4 0.79 0.42 -12.60 0.201 

4 Light+Water Movement+NH4+ Temperature  0.77 2.26 -10.56 0.452 

5 Light+Water Movement+NH4+ Temperature 
+PO4 

0.73 4.19 -8.26 0.630 

6 Light+Water Movement+NH4+ Temperature 
+PO4+Si 

0.70 6.00 -6.34 0.639 

7 Light+Water Movement+NH4+ Temperature 
+PO4+Si+N 

0.62 8 -3.87 0.736 
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Spring 

Average maximum daily light intensity increased in spring compared to winter. There was 
considerable variation in light intensities between sites in spring with the lowest recording 
3414 Lux (Site 5; Table 3.19; Table 3.23) compared to the highest at 38104 Lux (Site 9; 
Table 3.19). However, temperature varied considerably less in spring compared to summer 
and winter encompassing a range of only 0.5 ºC (Table 3.19). 

Analyses of spring data yielded statistically significant models only for the smallest models 
for each of the measures of growth. For thallus extension, both BIC and AIC suggested that 
ammonia was the only parameter to have a significant effect on the rate of extensions during 
spring (Table 3.23; adj R2=0.28; p=0.013). 

For BA, both BIC and AIC suggested light intensity was the most important characteristic to 
predict BA in E. radiata during spring (Table 3.23). This model was also statistically 
significant (Table 3.23; adj R2=0.23; p=0.024)  

For MSBA, AIC suggested the most important drivers of kelp growth were water movement, 
light, and the nutrients dissolved silica, ammonia and phosphate (Table 3.23; AIC=4.87). BIC 
suggested that ammonia and phosphate should be removed from the model (Table 3.23; BIC= 
-12.36). Only a model containing water movement and light intensity was statistically 
significant (Table 3.23; adj R2=0.6047; p=0.003). 
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Table 3.23. Candidate models obtained from linear m ultiple regressions in R comparing spring 
growth data for E. radiata to environmental parameters in Marmion Lagoon West ern Australia. 
Values in bold indicate the best values for adjusted  R2, Mallow’s Cp and BIC. 

No of 
predictors 

Model-Spring Extension 
Adj 
R2 

AIC BIC 
Model 
Significance 
(p) 

Extension      

1 NH4 0.28 -0.76 -1.29 0.013 

2 NH4+Si 0.28 0.52 0.59 0.364 

3 NH4+Si+Temperature 0.29 1.45 1.85 0.394 

4 NH4+Si+Temperature+PO4  0.29 2.59 3.34 0.558 

5 NH4+Si+Temperature+PO4+Light 0.25 4.34 5.82 0.767 

6 NH4+Si+Temperature+PO4+Light+N 0.20 6.11 8.31 0.837 

7 NH4+Si+Temperature+PO4+Light+N+Water 
Movement  

0.13 8 10.99 0.939 

      

Biomass 
accumulation 

     

1 Light 0.23 -0.91 -0.11 0.024 

2 Light+PO4 0.27 -0.32 0.72 0.19 

3 Light+PO4+Temperature 0.27 0.88 2.33 0.365 

4 Light+PO4+Temperature+Water Movement 0.25 2.42 4.45 0.498 

5 Light+PO4+Temperature+Water Movement+N 0.18 4.16 6.87 0.802 

6 Light+PO4+Temperature+Water Movement+N 
+NH4 

0.11 6.08 9.63 0.809 

7 Light+PO4+Temperature+Water 
Movement+NH4+ N+Si 

0.00 8 12.38 0.951 

      

MSBA      

1 Water Movement 0.3299 28.93 -2.52 0.002 

2 Water Movement+Light 0.6047 11.74 -10.29 0.003 

3 Water Movement+Light+Si 0.6784 8.02 -12.36 0.115 

4 Water Movement+Light+Si+NH4 0.6972 7.76 -11.88 0.257 

5 Water Movement+Light+Si+NH4+PO4 0.7736 4.87 -15.67 0.671 

6 Water Movement+Light+Si+NH4+PO4+N 0.7709 6.09 -14.13 0.829 

7 Water 
Movement+Light+Si+NH4+PO4+N+Temperature 

0.7503 8 -11.40 0.832 
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Figure 3.58. Scatterplots comparing the variable ide ntified as the most significant for kelp 
growth with the growth measure used.  
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3.1.11 Rates of grazing on macroalgae 

Methods 

Surveys 

Measurements of kelp consumption were taken from five sites in Jurien Bay and six sites in 
Marmion Lagoon (tethered kelp were deployed at a sixth site in Jurien Bay, but could not be 
retrieved). Consumption of kelp Ecklonia radiata was measured following a method 
described by Vanderklift & Wernberg (2008). At each site fifteen kelp laterals free of 
epiphytes were collected, placed between 2 sheets of acrylic glass (the top sheet clear and the 
bottom sheet white), and photographed. Laterals were secured by a clothes peg and five were 
assigned to each of 3 treatments: (1) caged, enclosed in a cage of plastic mesh (Nylex 
GutterGuard: mesh size 3 × 3 mm) to exclude all large herbivores; (2) understorey, clothes 
peg attached to a length of chain placed on the reef surface; and (3) canopy, clothes peg 
attached to a float tied to a ~50 cm length of black nylon cord. The understorey treatment was 
intended to mimic kelp at the level of the understorey and estimate consumption by all large 
mobile herbivores; the canopy treatment was intended to mimic kelp at the level of the canopy 
and estimate consumption by herbivorous fish only. After 1 to 3 d, the laterals were collected 
and rephotographed. 

Photographs of each lateral before and after deployment were analysed using image analysis 
software (ImageJ, rsb.info.nih.gov/ij/) to calculate surface area, and the consumption (% loss 
d–1) of each lateral was then calculated. The error in area measurements between photographs 
was up to ±9% (Vanderklift et al. 2009), so any change in area <10% was considered to be 
0%. 

We used statistical analyses to test for the presence of patterns in consumption among 
treatments (3 levels, fixed factor), locations (2 levels, random factor), and sites (10 levels, 
random and nested in location). Because the data contained many zeros, parametric statistics 
were unsuitable and so data were analysed using permutational multivariate ANOVA 
(PERMANOVA; Anderson 2001), which uses permutation to test for statistical significance. 
Euclidean distances were calculated from untransformed data, and the permutation tests used 
9,999 permutations of residuals under a reduced model. 

Results 

Analysis of the rates of kelp consumption indicated that rates varied among treatments, but 
that the nature of differences was not consistent among sites (significant treatment × site 
interaction in Table 3.24). Pairwise comparisons among treatments for each site indicated that 
this effect was influenced by Cow Rocks in Marmion, where rates of consumption of kelps in 
the ‘canopy’ treatment were significantly higher than kelps in the ‘cage’ or ‘understorey’ 
treatments. (Figure 3.59). At Cow Rocks, all kelp laterals in the ‘canopy’ treatment were 
heavily consumed. 
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Some consumption was also recorded at Booka Rocks, Essex Rocks and JV007 at Jurien Bay, 
and North Lumps at Marmion Lagoon – most of the recoded instances of consumption were 
from the ‘canopy’ treatment. The observation of relatively low rates of consumption at 10 of 
the 11 sites indicates that direct herbivory is typically low on reefs on the western Australian 
coast. The observation that wherever consumption occurred, it was typically on the ‘canopy’ 
treatment indicates that kelp consumption is typically due to fish. 

Table 3.24.  Results of PERMANOVA testing for differen ces in consumption of tethered kelp 
laterals 

Asteroidea 
Source df MS Pseudo-F P Permutations MC-P 
Treatment 2 96.92 2.68 0.272 360 0.267 
Location 1 2.08 0.02 0.824 8409 0.879 
Site (Location) 9 91.15 6.79 <0.001 9936 <0.001 
T x L 2 36.18 0.49 0.656 9941 0.622 
T x S(L) 18 74.66 5.56 <0.001 9920 <0.001 
Residual 123 13.43     
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Figure 3.59. Consumption of tethered kelp laterals (mean ± se, n=5) in each treatment (caged, 
canopy mimic, understorey mimic) at each of the sit es surveyed. 
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3.1.12 Rates of secondary production 

Methods 

The common blue mussel (Mytilus edulis) was selected as a proxy to measure secondary 
production. Mussels obtained from Blue Lagoon Mussels Pty Ltd and were deployed for three 
months from December to March in the austral summer of 2008/09 and in 2009/10. The 
mussels were deployed to nine sites along the -31.850 latitudinal parallel at depths of 3m, 5m, 
10m, 15m, 20m, 25m, 30m, 35m, 40m (Table 3.25). 

Approximately six hundred mussel spat were attached to lengths of rope with a cotton 
stocking (Table 3.25). The cotton stockings eroded away after twenty days leaving the 
mussels by their Byssal threads. Mussels were held in a filtered seawater tank prior to being 
deployed. Four ropes with mussels attached were then fixed to moorings deployed at each of 
the sites. Due to a high level of predation or natural mortality in the 2009-2010 summer 
mussel numbers where relatively low (Table 3.25). 

Table 3.25. Site location and total number of mussel s sampled in both the 2008/09 and 2009/10 
sampling period. 

   
Total number of 
mussels retrieved 

Total mussels analysed for 
stable isotopes 

Site Lat Long 2008/09 2009/10 2008/09 2009/10 
Pre 
deployment 

  100 40 15 10 

3m 31 48.266 115 43.385 100 40 16 11 
5m 31 48.282 115 42.461 100 11 16  
10m 31 50.063 115 42.913 100  16  
15m 31 49.136 115 41.212 100  16 26 
20m 31 49.688 115 40.728 100 59  3 
25m 31 49.880 115 38.731  3 16 10 
30m 31 49.007 115 37.539  10  9 
35m 31 48.792 115 35.215 100    
40m 31 44.632 115 30.162  9   

 

After three months the mussels were processed and morphometric and stable isotope 
measurements were obtained. Morphometric measurements included shell height, shell width, 
shell weight, wet meat weight, and dried meat weight. Two types of condition index were 
derived from these data. The Taleb condition index was calculated by dividing the wet weight 
of the mussel meat by the total wet weight and then multiplying by 100. The Rayyan 
condition index was calculated by dividing the mussel's dry weight by the product of the total 
wet weight minus the shell weight. 

Where enough mussels were retrieved measurements were taken for 25 mussels on each rope 
(Table 3.25). Stable isotope analysis was carried out on 16 mussels per site (4 per rope). 
Separate stable isotope measurements were obtained for the gill and abductor mussel tissue. 
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Water Sampling 

Monthly water sampling was conducted through-out each deployment. Water samples were 
collected from less than 2 m above the sea floor by CTD. Water samples were obtained for 
total suspended solids (TSS), particulate organic matter (POM), particulate inorganic matter 
(PIM), Chlorophyll-a, stable isotopes (C and N), fatty acids and HPLC (Table 3.26). 

Table 3.26. Summary of water samples collected by CT D at depth. 

Sample Filtered seawater volume Number of samples 
2009 

Number of samples 
2010 

TSM/PIM/POM 2l 70 126 
Chl-a 1l 50 101 
Isotope C and N 2l 47 133 
HPLC 4l 48 87 collected 34 

processed 
Nutrients 50ml 72 96 

 

Two litres of seawater from each sample point was individually filtered through a pre-ashed 
and weighed GF/F microfibre Whattman filter (diameter 47mm, pore size 0.7µm). The filter 
was frozen on site and transported to CMAR Floreat. The filter was thawed, dried at 80ºC for 
12 hours until a constant weight was reached and filter was weighed with an accuracy of four 
decimal places. This measurement represented the total suspended solids (TSS) present on the 
filter. Then the filter was then ashed at 450ºC for 4 hours and re-weighed in order to obtain a 
measurement of the particulate inorganic matter (PIM) present in the sample. The particulate 
organic matter (POM) was calculated as the difference between the TSS and PIM. All 
measurements were then divided by two to give a per litre measurement. 

Each water sample collected was also analysed for chlorophyll-a using a Turner 10-AU 
Fluorometer. This fluorometer was calibrated using primary standards of ultrafiltered 
seawater samples at 35 ppt and two chlorophyll samples within the expected Chl-a range. As 
the chlorophyll range in the field samples were near the lower detection limit, the supplied 
secondary standard could not provide a reading. An ultrafiltered seawater sample at 35 ppt 
was used to ensure calibration accuracy throughout field sampling. The fluorometer was 
configured for discrete sampling. 

Two litres of seawater from each sample point was individually filtered through a pre-ashed 
47 mm GF/F Wattman filter (0.7 µm pore size). The filter was frozen on site and stored at -
80C at CMAR Floreat. Isotope analyses were performed by Natural Isotopes Pty Ltd using an 
elemental analyser (ANCA-GSL, Europa, Crewe, United Kingdom). The samples were 
combusted to N2, and purified by gas chromatography. The elemental composition and stable 
isotope ratios of C and N were determined by continuous flow isotope ratio mass 
spectrometry (20-20 IRMS, Euroopa, Crewe, United Kingdom). Reference materials of 
known elemental composition and isotopic ratios were interspaced with samples for 
calibration. 

Four litres of sample water was filtered through a 47 mm glass fibre filter (Whatman GF/F) 
and then stored in liquid nitrogen until analysis. Samples were extracted over 15-18 hours in 
an acetone solution before analysis by HPLC using a C8 column and binary gradient system 
with an elevated column temperature. Pigments are identified by retention time and 
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absorption spectrum from a photo-diode array (PDA) detector and concentrations of pigments 
were determined from commercial and international standards (Sigma; DHI, Denmark). 
Separation of algal pigments by HPLC provides a method to accurately quantify the presence 
of various pigment groups in the water column.For example, fucoxanthin is characteristic of 
the presence of diatoms, zeaxanthin suggests the presence of Synechococcus, Divinyl 
chlorophyll-a is linked to the presence of Prochlorococcus, butanoyloxyfucoxanthin suggests 
pelagophytes (and coccolithophorids) while hexanoyloxyfucoxanthin suggests the presence of 
coccolithophorids. Fucoxanthin and chlorophyll-c pigments characteristic of kelps and 
diatoms. 

50 ml samples of seawater from the sites were analysed for dissolved silica, phosphate, nitrate 
and nitrite, as well as ammonia concentrations. Dissolved silica, phosphate and nitrate/nitrite 
were analysed using a flow injection analysis while ammonia concentration was determined 
using a flow injection analysis, gas diffusion, derivatisation - fluorescence detection method. 
For dissolved silica, Si species were reacted with molybdate at 45ºC pH 1.2, then reduced 
with stannous chloride to form a heteropoly blue complex which was measured at 820nm. 
Phosphate was reacted with molybdate and antimony potassium tartrate in acid medium which 
was then reduced with ascorbic acid to form a blue complex which was measured at 880nm. 
Nitrate was first reduced to nitrite by passing it through a copperised cadmium column. Nitrite 
is then reacted with sulfanilamide under acidic conditions to form a diazonium salt which was 
then coupled with N-(1-naphthyl) ethylenediamine dihydrogenchloride to form a pink 
complex which was measured at 520nm. For ammonia a sodium hydroxide solution was 
added to liberate ammonia which was then diffused across a PTFE membrane to react with 
ortho-phthaldialdehyde (OPA) - sulfite solution. This solution was then excited at 310nm and 
the fluorescence measured at 390nm. 

Results 

2008-2009 

The average mussel Taleb condition index for 2008/09 was 58.59. Taleb condition index was 
highest at the 5m site and decreased with site depth (Figure 3.60). There was a significant 
difference between the 5m and 10m sites compared to the 15m, 20m and 35m sites. The 
average mussel Rayyan condition index for 2008/09 was 6.45. Rayyan condition index 
increased with depth apart from the 15m site which was lower than the 10m and 20m sites 
(Figure 3.61). There was a significant difference between the 5m, 10m and 15m sites 
compared to the 20m and 35m sites. 

The average shell height for mussels deployed in 2008/09 was 35mm. Mussels had the largest 
shell heights at the 5m and 10m sites while mussels from the 15m site were significantly 
shorter compared to all other sites (Figure 3.62). There was a significant difference between 
the average shell height of mussels from the 5m and 10m sites compared to the 20m and 35m 
sites. The average wet weight of mussels was significantly higher at the 5m and 10m sites 
compared to all other sites (Figure 3.63). Mussels from the 15m site were lighter than all other 
sites. There was a significant difference between the wet weight of mussels from the 5m and 
10m sites compared to the 20m and 35m sites. δ15N was highest at 5m and decreased from 
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25m to 40m (Figure 3.64). δ13C generally decreased with depth especially beyond the 10m site 
(Figure 3.64). 
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Figure 3.60. The average Taleb condition index for mussels from each of the sample sites. 
Samples were obtained in March 2009. No mussels were  obtained from some sites due to 
predation. Error bars indicate a 95% confidence inte rval. 
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Figure 3.61. The average Rayyan condition index for  mussels from each of the sample sites. 
Samples were obtained in March 2009. No mussels were  obtained from some sites due to 
predation. Error bars indicate a 95% confidence inte rval. 
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Figure 3.62. The average shell height (mm) for muss els from each of the sample sites. 
Samples were obtained in March 2009. No mussels were  obtained from some sites due to 
predation. Error bars indicate a 95% confidence inte rval. 
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Figure 3.63. The mussel wet weight for mussels from  each of the sample sites. Samples were 
obtained in March 2009. No mussels were obtained fr om some sites due to predation. Error 
bars indicate a 95% confidence interval. 
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Figure 3.64. Average δδδδ15N and δδδδ13C of muscle tissue from Mytilus edulis deployed at each of 
the sites. No mussels were obtained from some sites  due to predation. Error bars indicate a 
95% confidence interval. 
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292 water samples were obtained from December 2008 to March 2009. The average total 
suspended solids was 0.0315 g/L, POM was 0.00751 g/L, average percentage organic matter 
was 23.68%, chlorophyll-a was 0.349 and average concentrations of pheopigments was 
0.3452. 

Total suspended solid (TSS) concentrations generally decreased as the study continued 
(Figure 3.65). The highest concentrations were observed at shallow sites in November and 
December. The overall average POM concentration for the 2008/09 was 0.0075 g/L. POM 
concentrations were more variable than TSS concentrations. POM was generally highest in 
November and December at the sites 15m and shallower depth (Figure 3.66). At sites deeper 
than 20m a different pattern was observed. These sites generally had high POM 
concentrations in December falling in January and then rising in February and March. 
Percentage organic matter was driven by POM. A similar pattern was observed to the POM 
graph where sites shallower than 15m had a falling trend from November/December to March 
while sites deeper than 15m had a fall from December to January followed by a rise from 
February to March (Figure 3.66, Figure 3.67). The overall average %OM concentration for 
the 2008/09 was 23.69%. 

The overall average chlorophyll-a concentration for 2008/09 was 0.349 mg/m3. Chlorophyll-a 
concentrations increased significantly over the coarse of the study at sites below 15m (Figure 
3.68). This trend was not observed in sites deeper than 15m. However, high chlorophyll-a 
concentrations were observed in January at the 35m and 40m sites. Pheopigment 
concentrations indicated a similar pattern as that observed with the chlorophyll-a 
concentrations. There was an increasing trend from December to March at sites below 15m 
depth (Figure 3.69). High pheopigment concentrations were also observed in samples from 
January at the 35m and 40m sites. The overall average pheopigment concentration for 
2008/09 was 0.345 mg/m3. 

The overall average dissolved silica concentration for 2008/09 was 1.55 mg/m3. Dissolved 
silica concentrations were generally lowest between the 15m and the 30m sites (Figure 3.70). 
Peaks of dissolved silica occurred at December 10m and at December 40m. The overall 
average phosphate concentration for 2008/09 was 0.187 mg/m3. Phosphate concentrations had 
a similar pattern as the chlorophyll-a concentrations with and increasing trend at shallow sites 
below 15m (Figure 3.71). Concentrations were low at the 20m to 30m sites. Phosphate 
concentrations increased at the 35m site over January and February. The overall average 
combined nitrate and nitrite concentration for 2008/09 was 0.937 mg/m3. Nitrate and nitrite 
concentrations were highest between 15m and 25m sites. At these sites there was a falling 
trend as the study progressed from December to March (Figure 3.72). Sites deeper than 25m 
often had lower concentrations than the detectable limit. The overall average ammonia 
concentration for 2008/09 was 0.173 mg/L. Ammonia concentrations were variable but 
generally had a rising trend at the 3m and the 10m sites while having a falling trend over the 
5m and 15m sites (Figure 3.73). 

PCA analysis categorised samples according to the month of sampling rather than the depth. 
December samples appeared to be distinguished from other months on the basis of POM, 
%OM and nitrate/nitrite concentrations (Figure 3.74). CAP analysis supported this analysis 
when variation among months was examined, with December samples distinguished by higher 
POM, TSS and nitrate/nitrite concentrations (left; Figure 3.75). March samples were 
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distinguished by higher phosphate concentrations and January and February samples were 
separated by relatively higher Chlorophyll-a and pheopigment concentrations. When CAP was 
used to examine variation among depths (right; Figure 3.75) 15m and 20m samples were 
distinguished relatively more nitrate/nitrite and ammonia, 3m samples were distinguished by 
pheopigment concentrations and dissolved silica, and 5m samples were characterised by 
higher phosphate concentrations. 
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Figure 3.65. Total suspended solids (TSS) concentrati ons determined from each water sample 
between December 2008 and March 2009 at each of the  sites. Error bars correspond to 95% 
confidence intervals. 
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Figure 3.66. Particulate organic matter (POM) concent rations determined from each water 
sample between December 2008 and March 2009 at each  of the sites. Error bars correspond to 
95% confidence intervals. 
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Figure 3.67. Percentage organic matter (%OM) determi ned from each water sample between 
December 2008 and March 2009 at each of the sites. Error bars correspond to 95% confidence 
intervals. 
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Figure 3.68. Chlorophyll-a concentrations (mg/m 3) determined from each water sample 
between December 2008 and March 2009 at each of the  sites. Error bars correspond to 95% 
confidence intervals. 
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Figure 3.69. Pheopigment concentrations (mg/m 3) determined from each water sample 
between December 2008 and March 2009 at each of the  sites. Error bars correspond to 95% 
confidence intervals. 
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Figure 3.70. Dissolved silica concentrations determ ined from each water sample between 
December 2008 and March 2009 at each of the sites. Error bars correspond to 95% confidence 
intervals. 
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Figure 3.71. Phosphate concentrations determined fro m each water sample between 
December 2008 and March 2009 at each of the sites. Error bars correspond to 95% confidence 
intervals. 
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Figure 3.72. Combined nitrate and nitrite concentra tions determined from each water sample 
between December 2008 and March 2009 at each of the  sites. Error bars correspond to 95% 
confidence intervals. 
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Figure 3.73. Ammonia concentrations determined from  each water sample between December 
2008 and March 2009 at each of the sites. Error bars  correspond to 95% confidence intervals. 

 



IMPROVED DESCRIPTIONS AND CONCEPTUAL MODELS 

WAMSI Node 1 Project 1 Annexure A• 30 June, 2011 195 

 

Figure 3.74. PCA analysis of the 2008/2009 water qua lity data. On analysis to the left symbols 
represent month of sampling while on the right symb ols represent the sample site. 
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Figure 3.75. CAP analysis of the 2008/2009 water qua lity data. On analysis to the left symbols 
represent month of sampling while on the right symb ols represent the sample site. 
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Pigment concentrations increased with depth in all months, and this pattern was especially 
evident in December. In December fucoxanthin concentrations (characteristic of diatoms) fell 
with increasing depth while hexanoyloxyfucoxanthin (characteristic of coccolithophorids) 
increase strongly (Figure 3.76). Chlorophyll-b concentrations also increased with depth. 
Pigment concentrations in January were lowest at the 10m and 15m sites and highest at the 
20m sites and deeper (Figure 3.77). Butanoyloxyfucoxanthin concentrations increased with 
depth. Fucoxanthin concentrations (characteristic of the presence kelp and diatoms) decreased 
with depth. Prasinoxanthin and lutein were only present at sites 10m and shallower. 
hexanoyloxyfucoxanthin (characteristic of coccolithophoridis) increased with depth. Chl-b 
concentrations were lowest over the reef at the 10m and 15m sites. In February (Figure 3.78) 
butanoyloxyfucoxanthin was only observed in samples 15m and deeper while peridinin was 
only observed at the 40m site. Hexanoyloxyfucoxanthin concentrations increased with depth. 
In March (Figure 3.79), peridinin was only observed in samples deeper than 30m or shallower 
than 5m while lutein was only observed in samples shallower than 15m. 
Hexanoyloxyfucoxanthin and butanoyloxyfucoxanthin concentrations increased with depth. 
Pigment concentrations were highly variable. PCA analysis of the data clustered samples 
according to the month of sampling rather than the sample depth (Figure 3.80). 
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Figure 3.76. Pigment concentrations normalised to ch lorophyll-a concentration for the 
December 2008 water samples. 
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Figure 3.77. Pigment concentrations normalised to ch lorophyll-a concentration for the 
January 2009 water samples. 
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Figure 3.78. Pigment concentrations normalised to ch lorophyll-a concentration for the 
February 2009 water samples. B samples represent re plicates from the same site. 
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Figure 3.79. Pigment concentrations normalised to ch lorophyll-a concentration for the March 
2009 water samples. B samples represent replicates from the same site. 
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Figure 3.80. PCA analysis of the 2008/2009 water qua lity data obtained through HPLC analysis. 
Left: Symbols represent the sampling month. Right: Sy mbols represent the depth of sampling 
while the number represents the site depth the samp le was obtained. 
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2009-2010 

The overall average Taleb condition index of mussels in 2009/10 was 27.74 compared to58.59 
in 2008/09. There was a significant difference observed in the Taleb condition index for 
mussels obtained from the 5m site compared to mussels obtained from the 20m and 40m sites 
(Figure 3.81). There was no significant difference observed in mussels from the 20m and 
deeper sites. The overall average Rayyan condition index of mussels in 2009/10 was 6.43 
compared to 6.45 in 2008/09. Rayyan condition index increased with depth (Figure 3.82). The 
5m site had the lowest Rayyan condition index and was significantly different to the 20m site. 
There was also a significant difference between the 20m and 40m sites. 

The overall average shell height of mussels in 2009/10 was 26.17mm compared to 35mm in 
2008/09. Shell height was highest at the 5m site (Figure 3.83). There was a significant 
difference observed between the 5m site and the 20m, 30m and 40m sites. Mussel wet weight 
was highest at the 5m site and generally decreased with depth (Figure 3.84). δ15N was highest 
at 5m and decreased sharply from 25m to 40m (Figure 3.85). There was a significant 
difference between the 3, 5m and 10m sites compared to the 30m, 35m and 40m sites. δ13C 
generally decreased with depth especially beyond the 15m site (Figure 3.85). 
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Figure 3.81. The average Taleb condition index for mussels from each of the sample sites. 
Samples were obtained in March 2010. No mussels were  obtained from some sites due to 
predation. Error bars indicate a 95% confidence inte rval. 
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Figure 3.82. The average Rayyan condition index for  mussels from each of the sample sites. 
Samples were obtained in March 2010. No mussels were  obtained from some sites due to 
predation. Error bars indicate a 95% confidence inte rval. 
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Figure 3.83. The average shell height (mm) for muss els from each of the sample sites. 
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Figure 3.84. The average wet weight (g) for mussels  from each of the sample sites. Samples 
were obtained in March 2010. No mussels were obtain ed from some sites due to predation. 
Error bars indicate a 95% confidence interval. 
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Figure 3.85. The average δδδδ15N and δδδδ13C of Mytilus edulis deployed at each of the sites. No 
mussels were obtained from some sites due to predat ion. Error bars indicate a 95% 
confidence interval. 

The overall average concentration of total suspended solids for 2009/10 was 0.0335 g/L 
compared to 0.0315 g/l in 2008/09. Total suspended solids were generally highest in 
November and December (Figure 3.86) and fell to their lowest concentrations in March. 
Concentrations were similar across the depth gradient. The overall average concentration of 
POM for 2009/10 was 0.0092 g/L compared to 0.0075 g/l in 2008/09. Considerably more 
variation was observed in POM concentrations compared to TSS. POM was generally highest 
in November and December with strong falls in concentration observed at shallower sites 
(Figure 3.87). Less temporal variation was observed at the deeper sites. Percentage organic 
matter was driven by variations in POM (rather than PIM). Consequently, %OM was highest 
in November and December in shallow water stations (Figure 3.88), but less temporal 
variation was observed in the 35m and 40m stations. The overall average percentage OM for 
2009/10 was 27.30% compared to 23.69% in 2008/09. 

The overall average concentration of chlorophyll-a for 2009/10 was 0.364 g/L compared to 
0.349 g/l in 2008/09, while the overall average pheopigment concentrations for 2009/10 at 
0.466ml/m3 were considerably higher than in 2008/09 at 0.345mg/m3. Chlorophyll-a 
concentrations varied considerably over the course of the 2009/10 surveys (Figure 3.89). 
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Concentrations were generally low in November and December rising in January and 
February. Concentrations were highest at the sites deeper than 15m from January to March. 
Pheopigment concentrations followed a similar pattern to chlorophyll-a concentrations. Low 
concentrations were observed in samples obtained in November and December (Figure 3.90). 
Concentrations increased over January to March especially at the sites deeper than 15m. 

The overall average concentration of dissolved silica for 2009/10 was 1.23 ug/l compared to 
1.55 ug/l in 2008/09. Dissolved silica concentrations varied across the sites. Low 
concentrations were observed in samples shallower than 15m in January (Figure 3.91), while 
high concentrations were observed at sites deeper than 15m in January. Concentrations at the 
deeper sites generally fell over February and March. The overall average concentration of 
phosphate for 2009/10 was 0.134 mg/l compared to 0.187 mg/l in 2008/09. Phosphate 
concentrations were generally highest at the sites shallower than 15m, especially in November 
and December (Figure 3.92). At these sites concentrations fell through to January where they 
then began to rise over February and March. The overall average combined nitrate and nitrite 
concentration of the 2009/10 water samples was 0.133 mg/l compared to 0.937 mg/l in 
2008/09. Combined nitrate and nitrite concentrations were highest across the 5m to 15m sites 
especially in November (Figure 3.93). Concentrations above 0.1mg/L were observed at the 
15m site at each sampling date. Higher nitrate and nitrite concentrations were also observed in 
December and January for sites at 30m or deeper. The overall average concentration of 
ammonia for 2009/10 was 0.121 mg/l compared to 0.173 mg/l in 2008/09. Ammonia 
concentrations increased over the course of the study at the 15m, 20m and 40m sites (Figure 
3.94). The highest Ammonia concentration was observed at the December 30m sample. 

In the PCA analysis, samples generally grouped according to the month of sampling rather 
than the sample depth (Figure 3.95). This grouping appeared to be especially influenced by 
the February and March samples, and the trend seemed to be driven by chlorophyll-a 
concentrations. December samples were separated on the basis of difference in TSS and 
POM. CAP analysis of variation among months indicated that November samples were 
distinguished by nitrate and nitrite concentrations while December samples were grouped 
according to POM concentration (Figure 3.96). Analysis of variation among depths indicated 
that shallower stations were distinguished by higher concentrations of POM and phosphate. 
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Figure 3.86. Total suspended solids (TSS) concentrati ons determined from each water sample 
obtained between November 2009 and March 2010 at ea ch of the sites. Error bars correspond 
to 95% confidence intervals. 
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Figure 3.87. Particulate organic matter (POM) concent rations determined from each water 
sample obtained between November 2009 and March 201 0 at each of the sites. Error bars 
correspond to 95% confidence intervals. 
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Figure 3.88. Percentage organic matter (%OM) concent rations determined from each water 
sample obtained between November 2009 and March 201 0 at each of the sites. Error bars 
correspond to 95% confidence intervals. 
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Figure 3.89. Chlorophyll-a concentrations determine d from each water sample obtained 
between November 2009 and March 2010 at each of the  sites. Error bars correspond to 95% 
confidence intervals. 
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Figure 3.90. Pheopigment concentrations determined f rom each water sample obtained 
between November 2009 and March 2010 at each of the  sites. Error bars correspond to 95% 
confidence intervals. 
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Figure 3.91. Dissolved silica concentrations determ ined from each water sample obtained 
between November 2009 and March 2010 at each of the  sites. Error bars correspond to 95% 
confidence intervals. 
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Figure 3.92. Phosphate concentrations determined fro m each water sample obtained between 
November 2009 and March 2010 at each of the sites. Error bars correspond to 95% confidence 
intervals. 
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Figure 3.93. Combined Nitrate and Nitrite concentra tions determined from each water sample 
obtained between November 2009 and March 2010 at ea ch of the sites. Sites with 
concentrations below the detectable limit are indic ated with a zero concentration. Error bars 
correspond to 95% confidence intervals. 
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Figure 3.94. Ammonia concentrations determined from  each water sample obtained between 
November 2009 and March 2010 at each of the sites. Error bars correspond to 95% confidence 
intervals. 
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Figure 3.95. PCA analysis of the 2009/2010 water sam ples. Symbols represent the month of 
sampling while the number represents the site depth  the sample was obtained. 
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Figure 3.96. CAP analysis of the 2009/2010 water sam ples. Symbols represent the month of 
sampling while the number represents the site depth  the sample was obtained. 
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Fucoxanthin concentrations were higher over during (Figure 3.97), suggesting the presence of 
kelps and/or diatoms. Prasinoxanthin concentrations were highest at the 30m site. No 
butanoyloxyfucoxanthin was observed at sites less than 20m in depth, while lutein was only 
observed at the 5m site. High concentrations of hexanoyloxyfucoxanthin was only observed at 
sites deeper than 20m, possibly indicating the presence of coccolithophorids. PCA analysis 
suggested that samples from within the same month were more similar than samples from 
similar depths surveyed in different months (Figure 3.98). 
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Figure 3.97. Pigment concentrations normalised to ch lorophyll-a for the 35 HPLC samples 
analysed in 2009/2010. Samples are groups by sample replicates and month rather than depth. 
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Figure 3.98. PCA analysis of the 2009/2010 water qua lity data obtained through HPLC. 
Symbols represent the depth of sampling while the nu mber represents the site depth the 
sample was obtained. 
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3.1.13 Rates of filter feeding 

Methods 

Five nearshore reefs: South Lumps, Whitfords Rock, The Lumps, Cow Rock and Wreck Rock 
(Table 3.27, Figure 3.99) were sampled. All sites were sampled in summer and autumn 
(January 2007 to April 2008) during calm conditions. Sponges and ascidians at each site were 
chosen haphazardly. Organisms on top of the reefs and reef walls were sampled. Filtration 
rates were measured following InEx method (Yahel G 2005). A small amount of dye 
(fluorescein, 100 mg L-1) was placed inside polystyrene Sterilin pipette while the other end of 
the tube was sealed by the sample’s thumb. The tube diameter was chosen to correspond 
closely to the osculum or exhaling syphon to account for filtering rate of the entire aperture or 
the organism. When the tube was in place the thumb was released to allow the pumped water 
flow through the tube. The movement of the dye within the tube was videotaped using high 
definition digital video camera recorder Sony DCR-HC15E. The measurements were 
replicated 3 to 5 times per organism. The filtering rate was determined with frame-by-frame 
analysis using scale on the tube for distance. Rate was calculated as the product of aperture 
diameter and mean dye front speed. Diameter of exhalent siphon, siphon to siphon distance, 
height (excluding siphon height), and widths were recorded in field for each ascidian. Oscula 
number and diameter, height and widths were measured for sponges. Organisms were 
collected for identification and biomass determination. We expressed filtration rates per 
biomass (g Dry Weight) and per biovolume (L-1 sponge or ascidian). Biomass was obtained by 
washing organisms from sand and removing epiphytes and drying in oven to constant weight 
at 60°C. Biovolume was obtained by approximating the shape to frustum cone. 
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Figure 3.99. Map of shallow reefs in Marmion Lagoon  showing locations surveyed . 

Table 3.27. Location and depth of study sites. 

Location Reef Latitude Longitude Depth (m) mean 
(range) 

Marmion Lagoon 
Western Australia 

South Lumps 31º47.612S 
 

115º42.990E 
 

5.5 (4.4-7.2) 

Marmion Lagoon 
Western Australia 

Whitfords Rock 31º48.318S 
 

115º43.054E 
 

4.4 (2.9-5.6) 

Marmion Lagoon 
Western Australia 

Cow Rock 31º49'176S 115º43.647E 
 

4.2 (3-5.1) 

Marmion Lagoon 
Western Australia 

The Lumps 
 

31º47'39"S 115º42'54"E 7.3 (7-9) 

Marmion Lagoon 
Western Australia 

Wreck Rock 
 

31º47.955S 115º42.955E 8.3 (7.4-9) 

 

To determine feeding on picoplankton In-Ex method of Yahel et al. (2005) was followed. 
Paired water samples were collected simultaneously and in duplicates from the water inhaled 
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and exhaled using 3 ml syringes. Pistons were removed from syringes so sampling was 
passive. Pistons were not used to avoid accidentally drawing bacteria found within sponge or 
ascidian tissue (Hentschel 2006). One diver was holding syringe next to the animal’s inhaling 
aperture sampling incoming water while the second diver using identical syringe held within 
few millimetres of exhaling aperture sampled excurrent water. At the end of sampling both 
ends of syringe were plugged. Samples were kept on ice in dark until brought to shore and 
placed into sterile 1.8 ml cryovials and preserved with freshly prepared paraformaldehyde 
(1% final concentration), placed in liquid nitrogen and then transferred to a -80°C freezer for 
storage. Organisms sampled were collected for identification and biomass determination. 

Water samples for nutrient determination were collected at random locations at each reef. 10 
samples each were taken next to filter feeders and away from filter feeders. Locations differed 
only in presence or absence of filter feeders i.e. samples were collected from vertical parts of 
the reef and from the same depth on each reef. 10 ml nutrient vials were opened under water 
and allowed to fill within 5 cm from the substrate covered with sponges or ascidians or reef 
substrate devoid of filter feeders. Tubes were put in boat freezer immediately upon collection 
and transported to shore and placed in -20°C freezer for storage. Nitrate, nitrite, ammonium, 
silicate and phosphate analyses were performed using Quick-ChemTM methods on a flow 
injection LACHATs 8000 Series instrument using the following protocols: for nitrate and 
nitrite we used Quik-ChemTM Method 31-107-04-1-A; detection limit 0.01 mmol L-1. For 
silicate analyses, we used Quik-ChemTM Method 31-114-27-1-D; limit of detection 0.05 
mmol L-1, and for phosphate: Quik-ChemTM Method 31-115-01-1-G; limit of detection 0.02 
mmol L-1 (adapted from Armstrong 1951). Ammonium concentrations were determined using 
a technique developed by Kerouel and Aminot (1997) and adapted for flow injection. For 
chlorophyll a determination as a measure of phytoplankton biomass we collected 3 L of water 
about 1 m from filter feeders and about 3 m away from filter feeders. We filtered 2 L of water 
through 5 µm nitex filter and 1 L through GFF filter to measure contribution of small 
phytoplankton to total biomass. 

Results 

A good correlation was obtained between filtration rates and diameter of exhalent siphons in 
ascidians and oscula in sponges (Figure 3.100). This would allow future estimation of 
community filtration rates based on measurements of excurrent siphons or oscula in field 
without the need for destructive sampling to obtain biomass. 
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Figure 3.100. Relationship between siphon or osculu m diameter and filtration rate. 

Nutrient analysis showed an overall increased nitrate/nitrite and ammonia near filter feeders 
(Table 3.28).Looking at 5 sites separately ammonium was higher in all sites next to filter 
feeders but Wreck Rock showed no difference in concentration of nitrate/nitrite between filter 
feeders and away from filter feeders. At the time of sampling this site had a lot of detritus 
floating on top two meters of the water column. The source of detritus was not immediately 
obvious. Other nutrients were no different between near filter feeders and away (Figure 
3.101). Chlorophyll a concentrations next to and away from filter feeders has not shown 
significant difference in total, small or large size fraction at 4 locations (Figure 3.102). 
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Table 3.28. Nitrite/Nitrate and Ammonium measured n ext and away from filter feeders. 

Nutrient Group N Median Mann-Whitney U 
Statistic 

 P 

Nitrate/Nitrite 
Filter Feeders 50 0.654 

791.000 0.002 
Not Filter Feeders 50 0.472 

Ammonium 
Filter Feeders 50 0.280 

639.500 <0.001 
Not Filter Feeders 50 0.204 

 

Figure 3.101. Mean concentration of nutrients next to and away from filter feeders in 5 sites 
(error bars are standard deviations of mean). 
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Figure 3.102. Chlorophyll a concentration next to a nd away from filter feeders. 

Sponges filtration rates ranged from 0.0004 for Callyspongiidae A to 0.4 l-1 s-1 l for Mycalidae 
(Figure 3.103). This falls within the range reported in other studies (Table 3.29). Variability 
of pumping was different for different taxa and for individuals within taxa. For example 
coefficient of variation for Callyspongidae A ranged from 0 to 0.5. Average pumping rate (l s-

1 kg-1 dry weight) was 5 .75 (±9.76 SD) which was comparable to values between 0.5 and 8.5 
reported in Weisz et al, (2008). Individual sponge pumped on average almost 2 L of water per 
minute (±1.82 SD). 
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Figure 3.103. Pumping rates of different taxa of sp onges. Error bars are standard deviations of 
mean. 
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Table 3.29. Previously published sponge pumping rate  data. TT Tracer in tank, HT heated 
thermistor, DF dye in field (Modified from Weisz 2008). 

Species Flow (l-1 s-1 l) Method Reference 
Aplysina lacunosa 0.005–0.034 TT Gerrodette and Flechsig (1979) 
Spheciospongia vesparium 0.069 TT Lynch and Phlips (2000) 
Halichondria 
melanodocia 

0.080 TT Lynch and Phlips (2000) 

Biemna sp. 0.221 TT Lynch and Phlips (2000) 
Halichondria panicea 0.045 TT Riisgard et al. (1993) 
Haliclona urceolus 0.042 TT Riisgard et al. (1993) 
Halichondria bowerbanki 0.240 TT Vogel (1974) 
Thenea muricata 0.050 TT Witte et al. (1997) 
Aplysina Wstularis 0.049–0.276 HT Reiswig (1971b) 
Verongula gigantea 0.050–0.100 HT Reiswig (1974) 
Tethya crypta 0.180 HT Reiswig (1974) 
Mycale sp. 0.210–0.270 HT Reiswig (1974) 
Haliclona permollis 0.049–0.116 HT Reiswig (1975a) 
Haliclona permollis 0.131 HT Reiswig (1975b) 
Dysidea avara 0.017 DF Ribes et al. (1999) 
Baikalospongia bacillifera 0.040–0.60 DF Savarese et al. (1997) 
Theonella swinhoei 0.043 DF Yahel et al. (2003) 
Callyspongia plicifera 0.578 DF Weisz et al (2008) 
Callyspongia vaginalis 0.374 DF Weisz et al (2008) 
Niphates digitalis 0.365 DF Weisz et al (2008) 
Agelas conifera 0.073 DF Weisz et al (2008) 
Aplysina archeri 0.102 DF Weisz et al (2008) 
Ircinia strobilina 0.093 DF Weisz et al (2008) 
Spheciospongia vesparium 0.176 DF Weisz et al (2008) 
Xestospongia muta 0.078 DF Weisz et al (2008) 
Calcarea1 0.013 DF this study 
Callyspongiidae1 0.0004- 0.34 

 
DF this study 

Callyspongiidae2 0.01 DF this study 
Chalinidae1 0.001-0.015 DF this study 
Irciniidae1 0.001- 0.065 DF this study 
Mycalidae1 0.004-0.397 DF this study 
Oceanapia sp 0.017 DF this study 
Thorectidae2 0.008-0.029 DF this study 
Thorectidae4 0.001-0.003 DF this study 

 

Ascidians filtration rates ranged from 0.012 to 0.12 l-1 s-1 l. Individual ascidian pumped on 
average almost 1.2 L of water per minute (±1.98 SD). Pumping rates of ascidians were 
significantly more variable than pumping rates of sponges (Mann Whitney P = 0.002). The 
variability was high on a scale of individual organisms (Figure 3.104). Comparison with 
published some data shows that values obtained were within the range published for other 
species (Table 3.30). The filtration rates were positively and significantly correlated with the 
mass (Figure 3.105). We estimated grazing impact on picoplankton by sponges. Sponges 
retained high proportion small particles from 0.2 to 2 µm (Figure 3.106). 

 



IMPROVED DESCRIPTIONS AND CONCEPTUAL MODELS 

WAMSI Node 1 Project 1 Annexure A • 30 June, 2011 222 

 
Figure 3.104. Pumping rates of individual ascidians based on at minimum 3 replicates per 
organism. 

 

 

Figure 3.105. Correlation between ascidian biomass and pumping rate. 
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Table 3.30. Dry weight specific filtration rates of  ascidians. CL clearance rate of algal cells, DF 
dye in field (mean ±SE). 

Species Flow (ml min-1 mg-1) Method Reference 
Clavelina lepadiformis 0.74 ± 0.32 CL Petersen and Svane, 2002 
Ascidia virginea 0.18 ± 0.07 CL Petersen and Svane, 2002 
Ciona intestinalis 0.40 ± 0.15 CL Petersen and Svane, 2002 
Corella parallelogramma 0.34 ± 0.11 CL Petersen and Svane, 2002 
Boltenia echinata 0.15 ± 0.04 CL Petersen and Svane, 2002 
Molgula manhattensis 0.07 ± 0.03 CL Petersen and Svane, 2002 
Pyura tesselata 0.07 ± 0.01 CL Petersen and Svane, 2002 
Styela clava 0.02 CL Holmes, 1973 
Ascidiella aspersa 0.04 CL Holmes, 1973 
Ciona intestinalis 0.142 CL Robbins, 1983 
Clavelina lepadiformis 0.04 CL Fiala-Medioni, 1974 
Halocynthia papillosa 0.11 CL Fiala-Medioni, 1974 
Microcosmus sabatieri 0.11 CL Fiala-Medioni, 1974 
Phallusia mamillata 0.07 CL Fiala-Medioni, 1974 
Styella plicata 0.15 CL Fiala-Medioni, 1978 
Pyura stolonifera 0.02 CL Klumpp, 1984 
Herdmania momus 0.08 ± 0.01 DF this study 
Phallusia  obesa  0.05 ± 0.01 DF this study 
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Figure 3.106. Retention rate of picoplankton by spo nges. 

 

We partitioned the grazing impact on small phytoplankton by pelagic (microzooplankton) and 
benthic (sponges and ascidians) grazers. Using data collected in SRFME we estimated that 



IMPROVED DESCRIPTIONS AND CONCEPTUAL MODELS 

WAMSI Node 1 Project 1 Annexure A • 30 June, 2011 224 

microzooplankton graze 55% of primary production of small phytoplankton while ascidians 
and sponges 30% (Figure 3.107). 

 

Figure 3.107. Impact of pelagic and benthic grazers  on small phytoplankton. 
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3.1.14 Predation on mussels 

Methods 

Predation rates on mussels, M.edulis, were measured using predator exclusion cages. To test 
the hypothesis that large predators, including P.cygnus, may be influencing abundances of 
molluscs, caged and uncaged mussels were deployed inside and outside fished reserves at 
Marmion, Rottnest Island and Jurien Bay. At each location, eight replicate groups of 12 
similar sized mussels (70mm total length) were attached to a series of  plastic mesh grids, 
with 4 of the grids being fully enclosed to prevent predator access and 4 of the grids 
remaining open to allow predator access (Figure 3.108). After a deployment period of seven 
days all grids were retrieved and the mussels on each plastic grid recorded as alive or dead. 
Permutational MANOVA (Anderson 2001) was used to test for differences in the 
survivorship of the mussels deployed by each method (caged versus uncaged) and between 
reserves and non-reserves (fished versus unfished). Analyses were performed using Euclidian 
distances calculated from square root transformed data using the PRIMER statistical software. 

 

Figure 3.108. Image showing mussels within four cag ed (enclosed) and four uncaged (open) 
grids prior to deployment. 
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Results 

Survivorship of mussels suggested that predation rates were generally high at all three 
locations, with significantly higher survivorship in mussels deployed in cages than mussels 
deployed uncaged (P = 0.001) (Table 3.31, Figure 3.109). Overall mean survivorship for each 
group of caged mussels was 11.19 (95% CI= ±0.4) or 93.25% (± 3.33%) while the overall 
mean survivorship for each group of uncaged mussels was 3.69 (95% CI= ±1.19) or 30.75% 
(±9.92%) (Table 3.31). 

Table 3.31. Results of PERMANOVA testing for (a) diffe rences in the survivorship of mussels 
in caged versus uncaged treatments (b) survivorship  of uncaged mussels in fished versus 
unfished reserves. 

(a) Source df SS MS Pseudo-F P(perm) Unique 
perm 

Treatment 1 131.78 131.78 110.05 0.001 995 
Residual 126 150.88 1.1974               
Total 127 282.66            

 

(b) Source df SS MS Pseudo-F P(perm) Unique 
perm 

Treatment 1 34.516 34.516 1.5663 0.222 53 
Residual 62 1366.2 22.036               
Total 63 1400.7            

 

 
Figure 3.109. Mean percentage survivorship (±SE) of c aged and uncaged mussels at Marmion, 
Jurien Bay and Rottnest Island after seven day depl oyment. 

 

In contrast, there was no difference in the survivorship of uncaged mussels in fished versus 
unfished reserves (Table 3.31, Figure 3.110), suggesting fishing status had little or no 
influence on the rate of mussel predation. Overall mean survivorship for each group of 
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uncaged mussels in reserves was 4.08 (95% CI= ±1.68) or 34% (± 14.2%) while the overall 
mean survivorship for each group of uncaged mussels in non-reserves was 3.65 (95% CI= 
±1.78) or 30% (±15.2%). 

 
Figure 3.110. Mean percentage survivorship (±95% CI ) of caged and uncaged mussels in 
fished and unfished reserves. 

Variability in mussel survivorship was considerably larger in uncaged treatments than in 
caged treatments (Figure 3.109). For example the variability (95% CI) in survivorship of 
uncaged mussels at Marmion was ± 6.73% in comparison to ± 3.68% for caged mussels at 
Marmion. Similarly, the variability in the mean survivorship of uncaged mussels at Jurien Bay 
and Rottnest Island was ±20.23% and 17.69% respectively, again considerably higher than 
that for caged mussels at ±3.17% and ±8.39% respectively. 

However care must be taken when determining whether observed gradients in predator 
abundance translated to spatial patterns in predation. This preliminary study suffered from a 
high amount of variability in mussel survivorship between the reserve and non-reserve sites. It 
is also acknowledged that whilst it can be reasonably assumed predator abundances are higher 
in non-fished reserves than in fished areas, this assumption was not tested at the time of 
deployment. Uncaged mussels outside the reserves had lower survivorship than those inside 
the reserves but future work requires much better resolution to obtain a statistically significant 
result. Obtaining this resolution is likely to be particularly difficult given the magnitude of the 
difference compared to the variability of the data (size of the 95% CI). 
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3.1.15 Discussion 

Nutrients and primary production 

Temperature and nutrients, and to a lesser extent salinity, exhibited spatial and temporal 
trends that highlight the heterogeneity of processes occurring in nearshore ecosystems. 
Temperature measurements from CTD deployments, as well as by sensors deployed on the 
seafloor, showed that fluctuations were greatest in the shallowest nearshore sites, which 
tended to yield the coldest measurements in winter and the warmest measurements in summer. 

Spatial patterns in nutrient concentrations – in particular nitrate – were more evident than 
seasonal patterns, but re-analysis of historical nitrate concentrations revealed that there was a 
great deal of variation across relatively short time periods (hours to days). Spatial patterns 
appeared to be related to the distribution of reefs, with the highest concentrations during each 
survey event being yielded by sites over reef. The source(s) of the high nutrient 
concentrations, and the mechanisms that produce this pattern remain to be identified, but 
plausible sources include groundwater and benthic biota. 

Importantly, some of the short-term temporal variation in nitrate could be explained by 
waves(r = 0.21). Frequently, the periods corresponding with high concentrations of nitrate 
were also periods where wave heights were highest. There are a number of mechanisms that 
might lead to this observed correlation, and the data do not allow the alternative mechanisms 
to be distinguished, but they do suggest that waves very likely play an important role in 
nitrogen cycling by promoting release of nutrients into the water column. This observation is 
particularly important in the context of the laboratory studies, which revealed that nutrients 
were rapidly consumed – likely by sediment biota including benthic microalgae – in both the 
presence and absence of light. The rapid consumption of nutrients provides a possible 
explanation for the generally low levels of nutrients present most of the time. 

Laboratory studies of production by benthic microalgae and by different species of 
macroalgae revealed that the highest rates of mass-specific production (i.e. production per 
unit biomass) were yielded by several species of relatively small red macroalgae. The most 
plausible general mechanism to explain these results is that these species have a greater 
surface area relative to volume, but the detailed physiological mechanisms that generate these 
patterns remain to be identified. Nevertheless, despite the relatively high rates of production 
by these species, the biomass of benthic autotrophs in Marmion Lagoon is dominated by kelp 
Ecklonia radiata, and this dominance means that benthic production is also very likely 
dominated by this single species. 

The laboratory studies also highlighted that rates of production varied between summer and 
winter months, but that the nature of this difference was not the same for all species. For 
example, while the smaller macroalgae were more productive in summer, E. radiata was more 
productive in winter. 

In the field-based studies, there was considerable among-individual variation in productivity 
of kelp Ecklonia radiata, but despite this there were among-site differences in rates of thallus 
extension and productivity that were well-explained by environmental variables. Water 
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temperature and light intensity in particular were reliable predictors of among-site patterns in 
growth, but the relative influence of each predictor varied depending on the season. Overall, 
individual variation was consistently higher than between site variation perhaps due to the 
variation in microclimates at each site. The only exception was during spring when most of 
the variation in biomass accumulation was due to among-site differences. 
 
A high variation in bottom temperatures and light intensities derived from in situ loggers were 
observed during the study. Bottom temperatures varied on an inshore to offshore gradient of 
up to 1.4ºC during summer. This gradient was reversed in winter. In addition, average 
maximum light intensities varied by up to 34,690 Lux during the spring sampling period. 
Some sites had consistently lower light intensities than neighbouring sites due to factors such 
as localised turbidity or substrate characteristics. 

Secondary production and filter feeding 

The biomass and the identity of species were quite different among habitats for the benthic 
invertebrate groups studied. In general, reefs supported much higher biomasses than seagrass 
beds, which in turn supported higher biomasses than unvegetated sand. This pattern was 
observed for mobile invertebrates like sea urchins (a group comprising several species of 
herbivores and omnivores), gastropods (both herbivorous and predatory groups) and sponges 
and ascidians. However, for feather stars (crinoids: suspension feeders) and sea cucumbers 
(holothuroids: deposit feeders) biomasses in some seagrass beds were as high as those 
observed on reefs. Re-analysis of historical data revealed that within the broad among-habitat 
patterns, other gradients are present: inshore reefs tended to support higher biomasses of 
sponges and filter feeders than offshore reefs, and specific habitats within reefs and seagrass 
beds supported higher biomasses than others. 

The high rates of primary production by benthic autotrophs, combined with the low rates of 
direct grazing, suggest that nearshore food webs are perhaps reliant on detritus. The results 
from deployments of mussels at different depths are consistent with this expectation. Growth 
rates of mussels were highest for mussels deployed in shallow water in two consecutive years. 
Analyses of stable isotopes of carbon and nitrogen in mussel tissue supported the conclusion 
that the different in growth rates was due to different nutrition – stable isotopes of water 
column particulate matter further suggested that this reflected the availability of different food 
sources. Stable isotope ratios of carbon from mussels and particulate matter were higher in 
shallow water, consistent with the pattern expected if particulate matter comprised a 
proportion of detritus from benthic autotrophs in shallow water. 

Patterns in measurements of the amount and composition of particulate matter in the water 
column were quite variable among depths and months of sampling. However, some trends 
were apparent. The concentration of particulate organic matter (POM), and the percentage 
contribution of organic matter, tended to be higher in shallow depths – although this pattern 
was not always present. The patterns tended to be strongest in late spring to early summer 
(November-December), when measurements of these two variables tended to be highest, but 
patterns tended to be weakest later in summer, when measurements were typically low at all 
depths. The pattern of highest measurements in shallow depths in late spring to early summer 
is consistent with the pattern expected if a seasonal decrease of benthic autotroph biomass due 
to erosion leads to an increase in particulate detritus in the water column. 
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By ingesting and assimilating particles of detritus and plankton, and excreting ammonia filter 
feeders might be a vital link in nitrogen cycling in nearshore ecosystems. Results of field 
measurements of nutrients yielded generally higher nitrite/nitrate and ammonium levels near 
filter feeders than away from them, an observation that supports this idea. In addition, rates of 
filtrationwere in some cases among the highest recorded anywhere. There was variation in 
these rates among individuals and among species, but this variation was well-explained by 
size, with large individuals filtering at a greater rate. 

The types of particles (i.e. detritus or plankton) ingested and assimilated by different types of 
filter feeders remain to be characterised in detail (although some sponges retained a relatively 
high proportion of picoplankton), however, the high biomasses of filter feeders on reefs and in 
seagrass beds, the high growth rates we observed inshore, and the high rates of filtration all 
indicate that they very likely play a key role in detrital food webs and nitrogen cycling in 
nearshore ecosystems. 

Predation and grazing 

Observations of direct grazing on kelp E. radiata support previous observations that rates of 
direct grazing are typically low. We did record relatively high rates of grazing at some reefs, 
and the location of the grazing suggested that it was likely due to herbivorous fish. This direct 
grazing might be important to some species of herbivores, but most of the biomass produced 
is not directly grazed, and so nearshore food webs are more likely reliant on detritus. If this 
were true, then we would expect heavy predation on organisms that rely on detritus for their 
food. Measurements of rates of predation on one species of suspension feeder (the blue 
mussel, Mytilus edulis) is consistent this inference: mussels that were deployed outside cages 
had very low survival rates, while mussels that were deployed inside cages had high survival 
rates, suggesting that potential predation on this group is very high. These measurements were 
taken using only a single species of potential prey, but they are consistent with those of other 
studies that have highlighted high rates of predation. 
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3.2 Continental Shelf Pelagic Ecosystem Biology 

Peter Thompson, Martin Lourey, Joanna Strzelecki, K aren Wild-Allen and  
James McLaughlin 

 
CSIRO Marine and Atmospheric Research 

3.2.1 General Introduction to the pelagic ecology o f Western Australia 

Research to understand the physical, chemical and ecological functioning of the Indian Ocean 
has lagged far behind the other oceans of world.  In general this lack of understanding did not 
constrain early exploitation of our marine resources with unregulated harvesting of many 
species occurring throughout the southern hemisphere. In the colony of Western Australia 
targeted species included flat oysters and whales.  By the first half of 20th century the 
Commonwealth Government had established the CSIR which dominated early Australian 
fisheries research and management with a focus on identifying Australia’s fisheries resources 
(Thompson 1939).  Shortly after WWII there was an expanding group of CSIRO scientists in 
Australia investigating the new field of “fisheries oceanography” and this effort included 
large scale surveys around the continent. While the focus of this research was still the 
identification of fisheries resources (e.g. Thompson 1951, Tranter 1957) the range of new 
disciplines included physical, chemical and biological oceanographers.  
 
During the late 1950s and 1960s CSIRO’s research in Western Australia was primarily upon 
the western rock lobster using the recommission RAN frigate HMAS Diamantina. In 
conjunction with the WA Department of Fisheries (formerly ‘and Fauna’) this provided the 
initial understanding and methods to manage Australia’s most valuable, single-species, 
fishery. Western Australia rock lobster are about 20% of the total value of Australia’s 
fisheries (~AUS$400 million) and exported to markets including Taiwan, Japan, Hong Kong, 
China, USA. Eight species of rock lobster are found off the WA coast, however, virtually the 
entire commercial catch consists of the western rock lobster Panulirus cygnus. Similar to 
most exploited fisheries globally the landings of western rock lobster appear to have peaked 
late last century. By the beginning of the 21st century there were management plans for ~ 35 
harvested species in Western Australia ranging from, for example, oysters (crustaceans) to 
sharks (elasmobranches) and Dhufish (teleost fishes) and a total catch of ~ 23,000 tonnes. As 
in most of the world, most commercially harvested species in WA are now fully exploited. It 
has become a significant challenge that is undertaken by the Western Australian 
Government’s Department of Fisheries to manage these resources in an ecologically 
sustainable manner. The challenge has grown as both commercial and recreational fishers use 
increasingly sophisticated technologies (boats, motors, depth sounders, global positioning 
systems, fish locators [echo sounders or active sonar]) that have dramatically increased their 
harvest per unit effort (person or boat).  
 
As our exploitation of marine resources has increased it has become very clear that 
understanding the underlying processes that allow fish to grow and reproduce is necessary if 
they are to be managed in an ecologically sustainable manner.  For Western Australia the 
early efforts included a substantial contribution by CSIRO as part of the International Indian 
Ocean Expedition to sample along the 110°E meridion.  These studies provided the first 
scientific investigations of ecosystem functioning in the eastern Indian Ocean. Pioneering 
studies by Wyrtki (1962) Rochford (1952, 1962, 1969), Jitts (1969), Tranter (1973) Wood 
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(1964) put Australia, and the eastern Indian Ocean, on the map providing early benchmarks 
for Australian’s commitment to ecosystem understanding in an oceanographic context. By the 
1970s the anomalous nature of Australia’s west coast was known: a productive coast with no 
upwelling or obvious source of nutrients to fuel that productivity (Austin 1973).   
 
Since the 1960s new technologies including satellite oceanography, computers and 
mathematical modelling have brought profound new insights into oceanography including the 
description of the Leeuwin Current (Creswell and Golding 1980, Thompson 1984, 1987). 
While the available fisheries resources may have peaked powerful methodological and 
technological advances have continued to provide increasing capability to observe our oceans. 
Combined with greater access to the CSIRO’s research vessels SS Franklin and Southern 
Surveyor funded by the Marine National Facility and increased support for marine science in 
Western Australia through SRFME and WAMSI there has been dramatically more 
oceanographic research undertaken along the west coast of Australia since 2000. Physical 
oceanography has been extensively studied by Pattiaratchi and students (e.g. Woo and 
Pattiaratchi, 2008) while sophisticated modelling has revolutionised our understanding of 
large scale circulation (Schiller et al. 2008). Satellites have made it possible to detect 
mesocale features such as Leeuwin Current meanders and eddies providing daily updates to 
oceanographers on ships to hunt them down and study the impacts of these phenomena (e.g. 
Waite et al. 2007). We now know that a great deal of the inter annual variation in primary 
production (Thompson et al. 2009) and fisheries harvest (Caputi 2008) is dependent upon our 
connection with the global phenomenon, the Southern Oscillation (El Nino/La Nina) and its 
effects on the behaviour of the Leeuwin Current.  For example, one Leeuwin Current eddy 
can drag 60,000 tonnes of phytoplankton offshore (Feng et al. 2007) and eddies are much 
more abundant during La Nina years. The time series of observations on the west coast at 
Rottnest Island, reinvigorated under Australia’s new Integrate Marine Observing System 
(IMOS), have provided unique insights into how our marine environment is changing over 
decades (Thompson et al. 2009). Finally the discovery that the Leeuwin Current carries thin 
layers of high nitrate water south to fuel the annual bloom along the continental shelf of WA 
provides the answer to the question first identified 40 years ago by the early pioneers of 
oceanography on this coast (Thompson et al. 2011). This and other highlights of CSIRO’s 
contributions through WAMSI to our understanding of pelagic ecology of Western Australia 
are presented in the following chapter.  

3.2.2 Introduction to WAMSI Node 1 research on the Continental Shelf 
Pelagic Ecosystem Biology  

Generally the productivity of marine ecosystems is nitrogen limited (Smith 1984) and the 
central gyre of the Indian Ocean from 5 to 45°S is amongst the world’s most nutrient limited 
or, oligotrophic, regions (Polovina et al. 2008). Based upon extensive sampling it is known 
that the availability of nitrogen along the west coast of Australia is extremely limited (Condie 
and Dunn 2006, Lourey et al. 2006) much more nitrogen limited than equivalent latitudes 
along the east coast of Australia (Thompson et al. 2010). Therefore the processes that supply 
nitrogen to this ecosystem are fundamentally important to our understanding of the ecosystem 
and its capacity to reliably supply natural resources that can be harvested.  Indeed many of the 
fishery resources along the west coast of Australia undergo significant inter annual variation 
in abundance (Caputi 2008, Caputi et al. 2001). These variations often have positive, or 
negative, associations with climate variability (e.g. Southern Oscillation Index, SOI) or 
Leeuwin Current strength depending upon location and taxa. In addition the base of the food 
chain, the phytoplankton, are more abundant during positive SOI, strong Leeuwin Current and 
La Nina years along the southern half of the west coast from 27 to 31°S  (Thompson et al. 
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2010, Figure 3.111). The links between SOI, Leeuwin Current, the variation in primary 
production and its impacts on higher trophic levels resulting in changes in the recruitment of 
rock lobster and other fisheries in West Australia seem clear but understanding the 
mechanism is pivotal for successful long term management.  
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Figure 3.111. Increased phytoplankton measured as t he chlorophyll a anomaly (= chlorophyll a 
deviations from mean concentration estimated from Se aWiFS NASA GIOVANNI over the 
period from Sept 1997 to Sept 2007) plotted against t he monthly Southern Oscillation Index 
(SOI).   

 
One of the most distinctive features of the eastern Indian Ocean along the west coast of 
Australia is the midwinter peak in phytoplankton biomass that spans more than 15° of latitude 
and extends from the coast to several hundred km offshore (Moore et al. 2007).The source of 
nutrients to support this primary production has been the subject of considerable investigation 
resulting in a number of different hypotheses on the source(s) of nitrogen (Feng et al. 2009). 
These include transport (Koslow et al. 2008) in the Leeuwin Current (LC), a coastal source 
(Dietz et al. 2009), upwelling (Hanson et al. 2005), deep mixing associated with eddy 
formation (Waite et al. 2007), or seasonal cooling that results in deepening of the seasonal 
thermocline and the entrainment of more nitrate into the euphotic zone (Koslow et al. 2008).  
 
In spite of the strong associations between the magnitude of the annual west coast bloom, the 
strength of the Southern Oscillation Index (Thompson et al. 2009) and the strength of the 
Leeuwin Current (Feng et al. 2003) the lack of a defined process that links these phenomena 
makes it impossible to model and predict future variation. The mechanism(s) that supplies 
nitrogen to the euphotic zone needed to be found (Feng et al. 2010).  
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Figure 3.112. The relationship between water temper ature and nitrate concentration for three 
locations around Australia (adapted from Thompson e t al. 2009).  

 
Several of the hypothesised mechanisms that could explain the annual resupply of nitrogen to 
the euphotic zone (as above) involved mixing deep water from below the thermocline towards 
the surface. As this is the dominant mechanism resupplying nitrogen to the euphotic zone in 
the global ocean it would not be surprising for it to be important along the west coast of 
Australia. Because those deep waters are universally colder than the surface this process 
almost always results in a negative relationship between temperature and winter nitrate 
(Kamakowski et al. 2002).  Indeed such negative relationships are found off Port Hacking 
(NSW) and Maria Island (Tasmania) but not at Rottnest (Thompson et al. 2009, Figure 
3.112).  Most unusually the winter maxima in nitrate concentrations measured at Rottnest 
Island since 1951 showed a positive association with water temperature.  Based on this 
positive relationship between winter water temperature and nitrate the following hypotheses: 
upwelling (Hanson et al. 2005), deep mixing associated with eddy formation (Waite et al. 
2007), or seasonal cooling that results in deepening of the seasonal thermocline and the 
entrainment of more nitrate into the euphotic zone (Koslow et al. 2008); are not likely to 
explain the source of nutrients that supports the annual winter bloom.   
 
In 2007 WAMSI, CSIRO. UWA, Murdoch University and the Marine National Facility 
supported a research cruise along the entire west coast of Australia.  One of the goals of this 
cruise was to investigate possible sources of nitrogen to support the annual winter 
phytoplankton bloom.  The cruise occurred in May and June, during the time when the bloom 
would normally be reaching its greatest biomass. Using a range of techniques to investigate 
physical structure including mixing combined with high density of nutrient sampling and a 
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new spectrophotometric technology for nitrate detection (Johnson and Coletti 2002) the 
potential sources of nutrients were investigated.  
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Figure 3.113. CTD profiles at 25°S (stn 88) where a narrow peak in nitrate and low DO from 50 
to 100 m depth with warm Leeuwin Current water from  0 to 50 m that was high in 
fluorescence.  

 
The results from the 2007 cruise showed the presence of thin layers of high nitrate water 
present at relatively shallow depths offshore at latitudes of 24 and 25°S. An example is shown 
for the offshore station at 25°S in 1000 m water depth where nitrate was measured 
conventionally from bottle samples (X) and continuously using a novel spectrophotometer. 
These thin, shallow layers were also markedly depleted of oxygen and the presence of low 
DO layers has been reported previously for this region (Woo and Pattiaratchi 2008). At these 
latitudes the high nitrate, low dissolved oxygen (HNLDO) layers existed immediately under 
the warm (~25°C) surface layer that is the signature of the Leeuwin Current (Figure 3.113). 
The surface layer of the Leeuwin Current also contained high chlorophyll a.  At depths of 60 
to 100 nitrate concentrations increased markedly reaching 5 (Figure 3.113) to 8 µM.  These 
concentrations of nitrate represent about 60% of the nitrogen that would be produced by 
microbial processes consuming sufficient organic matter to produce the observed oxygen 
deficit.  The recycling of organic matter to produce nitrate at these shallow depths is unusual 
and under further investigation.  
 
As the Leeuwin Current progresses southward it carries this thin layer of low dissolved 
oxygen (Figure 3.114) and high nitrate at depths ~ 100 m. As the LC flows further south it 
cools and therefore entrains the thin layers of high nitrate water into the euphotic zone. The 
LC also forms large (greater than 100km diameter) warm core eddies with a deep mixed layer 
that also entrains nitrate from these thin layers. In some locations as far south as 32°S the LC 
was still present with the thin layer of high nitrate intact but now within the euphotic zone. 
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This formation would nicely explain the 60 year record of high nitrate and warmer water 
during winter.  
 

 
 

Figure 3.114. A section composed from hundreds of C TD profiles made by the Seasoar towed 
from inshore at 30°S 114.6°E to offshore at 31°S 113.3 °E during the 2007 SS voyage. Top panel 
shows vertical profiles of chlorophyll a, dissolved  oxygen, nitrate (bottle samples X), nitrate 
by sensor, temperature and salinity. The salient fe ature is the high nitrate layer at ~ 80 
coinciding with the low in dissolved oxygen. Bottom  panels show high resolution sections 
across the Leeuwin Current for temperature, salinit y, fluorescence (chlorophyll a) and 
dissolved oxygen.  

 
Thus the available evidence suggests the LC arises in a region with widespread and shallow 
organic matter respiration (oxygen consumption) and nitrogen remineralisation through to 
nitrification.  This nitrification appears to be sufficient to fuel a shelf scale bloom on an 
otherwise strongly downwelling favourable coast. Given expected rates of nitrification the 
source of the particular organic matter is probably not recent production but is likely to be 
produced elsewhere and remineralised while being delivered to the west coast of Australia. 
Based on reports of a similar thin layer of low DO at about 200m reported in the Indian Ocean 
from 0 to 25°S at 75°E (Wyrtki 1971, Warren 1981), by Rochford (1969) at 110°W and under 
the northern region of the LC by Woo and Pattiaratchi (2008) we produced a novel conceptual 
model for the supply of nitrogen to the west coast of Australia (Figure 3.115).  In this 
conceptual model a subsurface, thin layer of low DO and high nitrate water is entrained into 
the base of the Leeuwin Current between the equator and 25°S. This layer is mixed into the 
euphotic zone at latitudes > 28°S. South of 28°S the layer was observed in one of three states: 
1) mixed throughout a warm core eddy arising from the Leeuwin Current meander, 2) as a 
thin layer but within the euphotic zone (< 100 m deep) and 3) mixed to the surface in a 
portion of the Leeuwin Current.   
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Figure 3.115. A conceptual model for the source of low dissolved oxygen and high nitrate 
being entrained into the Leeuwin Current during aut umn.  Red colour = nitrate, light blue = 
Leeuwin Current.   

 

 

3.2.3 Long term analysis of biological oceanography  

In conjunction with colleagues in NSW we have analysed the long term records obtained from 
4 coastal stations around Australia.  The comparison provides unexpected insights into 
regional differences in oceanography and long term change. There were significant 
differences in the magnitude and timing of seasonal dynamics in temperature, salinity, 
nutrients, chlorophyll a and stratification (Figure 3.116A-E). All coastal stations from around 
the country showed positive long term (> 10 year) trends in temperature, salinity, nitrate, and 
phosphate concentrations (Table 3.32). All stations showed a long term increase in depth-
averaged salinity of ~ 0.003 ± 0.0008 y-1. The fastest warming was observed in the western 
Tasman Sea; where it averaged 0.0202°C y-1 over more than 60 years.  Warming trends were 
not intra-annually uniform with some months showing strong long term trends while there 
was no evidence of any warming in midwinter (July) at any of the coastal stations.  
 
A pronounced decline in the concentration of silicate was evident at the 3 east coast stations 
with depth-averaged concentrations falling by as much as 0.058 µM y-1 over the last ~ 30 y. A 
large region of the ocean off the southern west coast had positive chlorophyll a anomalies 
strongly associated with La Nina conditions (Figure 3.111). Although the phytoplankton data 
sets were much less comprehensive in terms of spatial coverage; diatoms tended to dominate 
near these coastal stations. This was especially true during periods of low stratification 
(winter). In conclusion, changes in ocean circulation associated with climate variability 
appear to have pronounced effects on temperate zone biological oceanography including some 
effects that were not readily generalised from existing conceptual models. 

Key Findings: 
The pelagic productivity of the west coast results from the interaction of the Leeuwin 
Current with shallow and thin layers of high nitrate water that are carried south.  
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Rottnest Island  

Surface nitrate concentrations at Rottnest Island tended to be variable with near zero values 
recorded in every month of the year (Figure 3.117A). In spite of the high temporal variability 
there was a significant seasonal trend and fitting the data to a Gaussian curve showed a 
significant (r2 = 0.111, P < 0.0001, n = 462) rise to ~ 0.7 µM in June peaking at day 172 ± 4.8 
(P < 0.001). Silicate concentrations showed less seasonal variation than nitrate (data not 
shown) and no inter annual trend (Table 3.32) or correlation with SOI (data not shown). Over 
the 31 years between 1971 and 2002, silicate concentrations over all depths from 0 to 50 m 
averaged 2.28 µM while the mean nitrate concentration (0 – 50 m) was 0.59 µM giving an 
average NO3:Si molar ratio of 0.26 or about ¼ the ideal ratio for diatoms. The seasonal peak 
in surface nitrate was consistent with the minimum in stratification which also occurred in 
June.  The seasonal dynamics of both nitrate concentration and stratification were extremely 
similar to those for chlorophyll a (Figure 3.114A, C) with a June maximum. Thus of the four 
coastal stations Rottnest Island was the station with the smallest temporal offset between the 
seasonal minimum in stratification and annual maximum in chlorophyll a. This temporal 
offset between the stratification minimum and the peak chlorophyll a concentration was ~ 4 
months at Maria Island.  
 
Over the period 1997 to 2007 the seasonal variation in chlorophyll a at Rottnest Island was 
well described by a Gaussian curve (r2 = 0.743, P < 0.001) with a peak on day 185 ± 1.5. The 
annual anomalies in chlorophyll a were a positive linear function of the annual mean southern 
oscillation index (SOI) across most of the southern west coast of Australia (28° to 34° by 
114°E to shore). For example, in the region from 31° - 33°S by 114°E to 115°E, annual 
chlorophyll a anomalies were correlated with SOI (P < 0.027).  Mean monthly chlorophyll a 
anomalies were also significantly (P < 0.001) correlated with mean monthly SOI values.  
Positive SOI years (1999, 2000) showed greater than normal chlorophyll a during late summer 
and early autumn across 2 large areas 29 31°S [=S] and 31 to 33°S [=N] between 115 to 
114°E (Figure 3.114C).  Early 2001 was also SOI positive and showed greater than average 
chlorophyll a in the first half of the year. There are no long term records of phytoplankton at 
Rottnest Island but sampling has occurred ~ 25 km away at the mouth of the Swan River 
Estuary. This estuary is fully marine during late summer. Depth integrated, monthly mean 
log10 diatom abundance in February (weekly samples) showed a strong relationship (P = 
0.034) with annual mean SOI (Figure 3.114D). Similarly weekly samples from January to 
April (n = 224) also showed a significant (P = 0.012) relationship between log10 diatom 
abundance and monthly mean SOI.   
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Figure 3.116. Monthly mean surface (A) temperature;  (B) salinity; (C) dissolved nitrate, (D) 
chlorophyll a (E) stratification; from the Coastal Monitoring Stat ions around temperate 
Australia from ~1942 to 2007 (see Table 3.32 for sa mple details). Satellite-derived mean 
monthly chlorophyll a (F) between 1997 and 2007 from areas near each coa stal station 
(adapted from Thompson et al. 2009). 
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Figure 3.117. Rottnest Island sampled at 
0, 10, 20, 30, 40, 50 m approximately 
monthly from 1951-2001 (see Table 3.32 
for details). A) Nitrate concentrations 
(small symbols), running mean (solid 
black line), Gaussian model fit to data 
(thin red line). ( ▲) Mean monthly 
stratification (=density at the surface 
minus density at 50m ( ∆σ∆σ∆σ∆σt50 = sigma t @0 
– sigma t @50 m). B) Chlorophyll a 
deviations from mean concentration 
estimated from SeaWiFS NASA GIOVANNI 
over the period from Sept 1997 to Sept 
2007 plotted against the Southern 
Oscillation Index (SOI). Solid line is 
regression (P = 0.027), C) SeaWiFS 
chlorophyll a data for La Niña years; solid 
line = 1997 to 2007 long term running 
mean; D) diatom abundance at nearby site 
versus SOI. Large symbols are monthly 
mean diatom cell density (left X axis) for 
weekly observations from February in 
each year (1994 to 2007), error bars are 
standard deviations, solid line is 
regression (P = 0.034). Small symbols are 
weekly samples (right X axis) for January 
to April from 1994 to 2007, dotted line is 
regression (P = 0.012). Modfied from 
Thompson et al. 2009.  
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Table 3.32. Long term (> 10 y) linear trends in sur face parameters after seasonally detrending by 
removing monthly means. (Probabilities for all trend s < 0.001 except nitrate where P < 0.008). 
Blank cells indicate non-significant result. Modife d from Thompson et al. 2009.  

 
 Maria Island Port Hacking 

(100 m) 
Port Hacking 
(50 m) 

Rottnest Island 

Location 43.3°S 
147.1°E 

34.1°E 
151.3°S 

34.1°E 
151.2°S 

32.1°S  
115.8°E 

Span (years analysed)  1944-2005  1953-2005  1944-2004  1969-2001 
Maximum total # 
observations* 

3273 9263 9882 2736 

Temperature  (°C/century) 2.02  0.744 1.23 
Salinity (psu/century) 0.346 0.232 0.269 0.407 
Nitrate 
(µM/century) 

 0.556  0.400 

Phosphate   
(µM/century) 

0.530  0.611 0.313 

Silicate  
(µM/century) 

-5.84 -1.97 -2.30  

dissolved oxygen  
(µM/century) 

  -12.9 -49.1 

* for any parameter 
 
More details of this research including a full comparison with other locations around Australia 
can be found in Thompson, PA , Baird, ME, Ingleton, T, Doblin, MA. 2009 Long-term changes 
in temperate Australian coastal waters and implications for phytoplankton. Marine Ecology 
Progress Series 384: 1-19.) 
 

 

3.2.4 Shelf scale observations 

The WAMSI Program, CSIRO, the Marine National Facility, UWA, WA Museum and 
Murdoch University supported the 2007 cruise along the west coast of Australia. The cruise 
was hugely successful and we were fortunate enough to complete all the cruise objectives. The 
timing of the cruise was perfect, the Leeuwin Current was running very strongly and the entire 
continental shelf was experiencing a very large phytoplankton bloom.  A brief summary of the 
voyage and several more detailed examples of the research undertaken are provided through out 
this chapter.  
 
The first leg of the voyage included a sampling regime designed to characterise benthic habitats 
and measure benthic biomass and primary productivity and sediment nutrient fluxes across the 
shelf between 30 and 150 m depths. Sampling across the domain shown in Figure 3.118 below 
included swath mapping, towed video, benthic sleds, sediment grabs and cores and CTD 

Key findings: 
Significant seasonal, interannual and long term changes in the marine environment 
have been observed near Rottnest Island over the last ~ 40 years including a warming 
trend of 1.23°C century-1 and a rise in salinity of ~ 0.41 parts per thousand century-1. 
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profiles. Detail from the first leg of the voyage relating to benthic work is included in Chapter 
2.  
 
The Scientific Objectives for the 2nd and 3rd legs of the voyage relate to factors regulating the 
seasonal plankton cycle and it’s inter annual variability, which remain poorly understood in this 
region. One of its most interesting features is the ~ ten-fold increase in chlorophyll, which 
coincides with the seasonal intensification of Leeuwin Current flow. Research conducted 
during the voyage was designed to examine:  
 

1. the regional extent of this bloom;  
2. the key drivers for primary production including: 

a. stratification; 
b. depth of the mixed layer; 
c. the influence of Leeuwin eddy dynamics; 
d. local wind-driven upwelling; 
e. alongshore and cross-shelf advection;  

3. the plankton food web structure during the bloom including; 
a. the relative importance of picoplankton and larger phytoplankton; 
b. micro- and meso-zooplankton; and 
c. links with larval and juvenile fish in relation to onshore-offshore and north-

south oceanographic features. 
 
If a suitable eddy had formed off the west coast between May 15th and May 20th we proposed to 
spend 1-3 days mapping the features of the eddy and sampling it. We were fortunate to 
encounter a large eddy forming at ~ 31°S.  We took the opportunity to sample across the eddy 
providing additional data for comparison with eddies studied in 2003 and 2006. The data 
collected will be extensively used in David Holliday’s PhD thesis.  
 
The voyage plan was based on 13 CTD onshore-offshore transects undertaken every degree of 
latitude from Northwest Cape (22º S) to Capes Naturaliste and Leeuwin (34º S). Each transect 
extended from as near shore as is practicable (25 – 30 m depth) to 2000 m depth (Figure 3.118). 
Stations were undertaken at 25 (inshore), 50, 75, 100 (mid-shelf), 200 (shelf-break), 300, ~500 
(Leeuwin core), 750, 1000, and 2000 (offshore) m water depths. 
  
Each transect leg had a complimentary seasoar return leg to giving very high resolution vertical 
and horizontal X-sections of temperature, salinity and fluorescence. These have provided the 
best physical description of the Leeuwin Current ever obtained. They were also used to locate a 
station in the middle of the Leeuwin Current on each subsequent CTD transect. The SeaSoar 
mapping combined with current satellite images enabled us to place the ‘Leeuwin’ station 
within the core of the Leeuwin Current on each transect. CTD profiles were carried out at all 
stations to measure temperature, salinity, dissolved oxygen, PAR, and chlorophyll fluorescence. 
Water samples were taken at standard depths to measure salinity and nutrients (nitrate/nitrite, 
ammonia, dissolved organic nitrogen, particulate nitrogen, phosphate, silicate). Full biological 
sampling was carried out at the inshore (25 m), Leeuwin Current (200 - 500 m) stations, and 
offshore (2000 m), incorporating: replicate oblique bongo tows to 150 m maximum; the light 
profile to 50 m using a hyperspectral radiometer; water samples for phytoplankton pigment 
(HPLC) analysis and species composition from near-surface and chlorophyll maximum depths; 
measurement of size-fractionated primary productivity (14C incubation method and PAM 
measurements from standard sampling depths); nitrogen uptake from labelled nitrate, ammonia, 
and N2; sampling of stable C and N isotopes in the size-fractionated phytoplankton and in 
selected zooplankton and ichthyoplankton species to examine food web pathways; 
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microzooplankton grazing based on the dilution method total alkalinity & DIC (to assess pH); 
and secondary production estimates based on egg production and a biochemical (aminoacyl-
tRNA synthetase (Yebra and Hernandez-Leon, 2004)) assay. Zooplankton acoustic backscatter 
(using the 6-frequency Trachor Acoustic Profiling System, TAPS) was measured through the 
water column to a depth of 200 m. Net tows for zooplankton were split, with part retained in 
ethyl alcohol to examine selected larval fish otoliths for growth to be related to oceanographic 
conditions. Neuston sampling was also carried out at each production station. The voyage track 
is shown in Figure 3.118. 
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Figure 3.118. Southern Surveyor voyage track from the  May/June “autumn bloom” SS04/2007 
cruise. 

 
Mesozooplankton sampling during the Southern Surveyor cruise included collecting replicate 
Bongo tows using 355 and 100 µm mesh nets at 25, 50, 100, 300 and 100 m stations to 150 m 
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depth for species composition and biomass on the 13 transects. Sampling was conducted during 
both the day and night. Grazing experiments to quantify mesozooplankton grazing on 
microzooplankton and phytoplankton were conducted at 4 transects (once at every geographic 
region) at 3 stations situated nearshore of Leeuwin Current, in Leeuwin Current and offshore of 
Leeuwin Current. Secondary production samples for Aminoacyl-tRNA synthetases (AARS) 
activity were collected. Female copepods were collected to measure the DNA/RNA ratio. The 
mesozooplankton portion of the project involves collaboration with AIMS where Felipe 
Gusmao is testing new techniques of estimating secondary production of zooplankton. In 
addition standard techniques of estimating secondary production: egg production and artificial 
cohort incubation will be run at 3 stations on all transects. A total of 23 CSIRO scientists and 
support staff were involved in the cruise plus others from a range of institutions.   
 
Much of the data collected during the research voyage has been fully processed since the 
voyage was completed and is currently undergoing interpretation.  Examples include CTD data 
(available in August 2007) and ADCP data (available in December 2007).  In some cases 
samples are still undergoing analysis (e.g. stable isotopes). Some samples have been analyzed 
but are still undergoing quality control checks (e.g. nutrients).  As a consequence of the 
variable status of the data from this cruise different components of the interpretation are at 
different stages.  Several examples of the cruise outputs are presented below. These are only 
representative, sometimes only partly completed and are meant to be indicative.  A symposium 
based on the early results from the cruise was conducted in February 2008. 

3.2.5 Nutrients 

New in-situ observations of nitrate with very high vertical resolution have been obtained during 
the SS04/2007 cruise.  For the first time in Australia an in-situ profiling underwater 
spectrophotometer was deployed with the capability to resolve nitrate concentrations at 2 m 
depth resolution.  The preliminary calibration shows significant sub-bottle scale structure in 
nitrate profiles consistent with temperature and salinity structure, particularly in the vicinity of 
the Leeuwin Current fronts and mesoscale eddies (e.g. Figure 3.119 shows examples of this 
nitrate data). 
 
Full calibration of the instrument has been completed.  
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Figure 3.119. Example nitrate data from the SS042007 c ruise.  Preliminary in-situ nitrate sensor 
(SAtlantic ISUS) calibration suggests significant spat ial and sub-bottle scale variation in nitrate 
concentration. 

 
The analysis of nutrients from the 2007 cruise has revealed some very important aspects of the 
nutrient supply to the west coast of Australia.  Nitrate was the most abundant dissolved 
inorganic N species with an average concentration over all depths (0 to 2000m) of 3.0 µM 
followed by 0.15 µM for ammonium and 0.08 µM for nitrite. Over the entire cruise, but 
restricted to the euphotic zone (defined here as 0 to 100m), the average ± SD nitrate (NO3), 
silicate (Si(OH)4) and phosphate (PO4) concentrations were 0.26 ± 0.46 (n = 550), 2.42 ± 0.71 
(n = 531) and 0.076 ± 0.046 µM (n = 536), respectively.  
 
Nutrient concentrations tended to covary with depth and with each other; NO3, Si(OH)4 and PO4 
reaching greater than 30, 100 and  2 µM, respectively, at 1000 m (Figure 3.120). The relative 
availability of dissolved macronutrients deviated significantly from the Redfield (1963) ratios 
of 16:16:1 (N:Si:P) required by phytoplankton. The excess of Si(OH)4 over NO3 was 
considerable, and over all depths, only 11% of samples had N:Si ratios greater than Redfield 
(greater than 1) while 63% of all measurements were < 0.1 or less than Redfield by a factor of 
10. In the case of PO4 the excess relative to NO3 was still extreme, albeit differently distributed. 
Only 0.6% of all measurements exceeded Redfield (N:P greater than 16) while 34% of all 
measurements were 10 times less than Redfield.  
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The average euphotic zone nitrate concentration (0.26 µM) and ratios for dissolved inorganic 
NO3:Si(OH)4:PO4 of ~ 3:30:1 suggest the likelihood of extreme N limitation with both Si and P 
available to phytoplankton in relative excess. This conclusion is in keeping with previous 
analyses the west coast of Australia (e.g. Condie and Dunn 2006, Lourey et al. 2006). 
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Figure 3.120. All nutrient concentrations from the entire SS03/2007 cruise over all depths from 
the surface to 2000 m with just 20 nitrate concentr ations above 100m ≥1 µM (modified from 
Thompson et al. 2011).   
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Figure 3.121. Sections of the Leeuwin Current and as sociate region at 32°S from near shore to 
1000m water depth. (A) Nitrate section from sensor showing thin layer of high nitrate under 
core of Leeuwin Current. (B) Dissolved oxygen secti on with low dissolved oxygen at base of 
LC. Red triangles indicate locations of CTD profile s.  
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High concentrations of nitrate were found in thin layers at the base of the Leeuwin Current 
from 22 to 34°S (e.g.Figure 3.114 and Figure 3.115).At latitudes of 22 to 25° these thin layers 
were found further offshore over a wide area. The thin layers of high nitrate water found at 
these unusually shallow depths were always associated with areas of low dissolved oxygen 
(Figure 3.121).  

 
 
Depth-averaged, euphotic zone nitrate 
concentrations showed a strong pattern of greatest 
concentrations along the shelf break with lower 
concentrations found closer to shore or further 
offshore (Figure 3.122).  These shelf break stations 
were selected to coincide with the centre of the 
Leeuwin Current (LC).  The shelf break stations 
had depth-averaged euphotic zone (0 to 100m) 
nitrate concentrations consistently in the range of 
0.15 to 0.30 µM NO3 in the vicinity of the LC.  
Based on the salinity and temperature derived 
estimates of mixed layer depth these shelf break 
stations with greater depth-averaged nitrate 
concentrations (Figure 3.115) were generally not 
areas of particularly deep vertical mixing.  Due to 
the presence of the LC along the shelf break 
between 23 and 33°S the mixed layer depths were 
mostly quite shallow averaging ~ 40 to 60m.  In 
general a surface mixed layer depth of 60m is not 
sufficient to entrain nutrients from below the 
seasonal thermocline in these locations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3.122. Depth averaged (0 to 100 m) and conto ured nitrate concentrations from all 111 
CTD stations on SS03/2007 (bottle samples, n = 6 per station); cruise track (blue line).   
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We propose that the dissolved inorganic nitrogen (DIN) in these layers enters the LC at depths 
between 50 and 200m at latitudes from 22 to 25°S. 
 
There appeared to be three mechanisms whereby the nitrate could enter the euphotic zone: 
instability that results in a warm core eddy, cooling that deepens the surface mixed layer and 
shallowing of the thin layer.  
 
Between 24 and 26°S the core of the LC was present as a 50 to 100 m deep layer over one or 
more thin layers, 15 to 50m thick, with high nitrate and low dissolved oxygen (DO).  These 
layers were of lower salinity, cooler water with markedly reduced DO, high nitrate 
concentrations and distinct nitrate:silicate (NO3:Si(OH)4) nutrient ratios (Figure 3.120).  
 
As the LC flowed south it cooled and deepened thereby entraining the thin layers of high nitrate 
water into the euphotic zone. The LC also formed large (greater than 100km diameter) warm 
core eddies with a deep surface mixed layer that also entrained nitrate from these thin layers 
(Figure 3.115).  
 
In some locations as far south as 32°S the LC was still present with the thin layer of high nitrate 
intact but now within the euphotic zone. Thus, the available evidence suggests the LC arises 
under conditions that favour rapid and shallow nitrification. This nitrification fuels a shelf scale 
bloom on a downwelling favourable coast. Depending upon the rate of nitrification the source 
of the particular organic matter may be local or delivered from the tropics via horizontal 
advection in a subsurface layer of the LC. The use of the new methodology (in situ 
spectrophotometric nitrate detection) and new instrumentation (SAtlantic ISUS sensor) were 
pivotal in resolving the source of the nitrate to the west coast phytoplankton bloom.  
 

 
More details on this section can be found in Thompson, P.A., Wild-Allen, K., Lourey, M., 
Rousseaux, C., Waite A.M., Feng, M., Beckley L.E. Nutrients in an oligotrophic boundary 
current: Evidence of a new role for the Leeuwin Current. Progress in Oceanography. (in press, 
preprint available on line, accepted 21/02/2011).  

3.2.6 Phytoplankton 

Using samples from the cruise (SS04/2007) a new analysis of the phytoplankton community 
composition, its temporal and spatial patterns has been undertaken. While the SS04/2007 cruise 
gives an unparalleled semi-synoptic data set, previous cruises expand the geographic range and 
pooling the data provides more opportunity for the analyses of seasonal and inter annual 
variability. Much of these data had not been published prior to WAMSI and there had not been 
a review of WA phytoplankton since the 1960s. In addition, since the early research relied 
exclusively on net samples, the vast majority of the phytoplankton biomass was not examined 
or quantified by earlier phytoplankton ecologists.  
 
Samples for this analysis are drawn from a range of cruises along the west and south west 
coasts of Australia (Table 3.33).  
 

Key Findings: 
Novel technology made it possible to discover the source of the key nutrient fueling 
primary production along the west coast of Australia.  
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Table 3.33. A description of the pigment samples fr om the west and southwest coasts of 
Australia used in this study sorted by season, mont h or cruise. FR = Franklin, SS = Southern 
Surveyor, LB = Lady Basten, MD = Marion Dufresne. 

season Cruise or 
vessel 

Number of pigment 
samples 

Taxonomic samples 

Autumn SS04/2007 83 Yes 
Autumn SS05/2006 120  
Autumn SS04/2006 80 Yes 
Winter SS07/2005 125 Yes 

Summer Beagle 3  
Spring SS09/2003 73  
Spring SS08/2003 80  
Spring FR10/2000 102 Yes 
Various 7 Ships of 

opportunity 
57  

Spring MD TIP 54  
Winter LB21 32  

 SS07/2006  Yes 
 SS05/2005  Yes 
 FR5/1995  Yes 
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Figure 3.123. Map of sites with samples analysed by  HPLC allowing chemotaxonomic 
phytoplankton assessment.  Larger symbols are from greater depths.  
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Methods 

From the voyage SS04/2007 samples for phytoplankton taxonomy were collected from stations 
inshore (~ 50m deep), at the shelf break (~ 200 to 300m deep) and offshore (1000 or 2000m 
deep). They were preserved using acid Lugol’s solution (Parsons et al. 1984). The preserved 
samples were transferred to 1-litre measuring cylinders, measured and allowed to settle for at 
least 24 hours. After this time, approximately 90% of the volume was siphoned off and the 
remaining sample was transferred to a 100 ml measuring cylinder, measured and again allowed 
to settle. After at least 24 hours approximately 90% of the volume was siphoned off and the 
final volume recorded before the remaining sample was thoroughly mixed and an aliquot was 
taken for counting. The aliquot was put into a 1 mL Sedgwick Rafter counting chamber and 
examined using an inverted Olympus IX 71 microscope. For most microplankton (cells 
generally larger than 20 µm diameter) at least 10% of a single slide was enumerated at 100 x 
magnification (except when there were dense blooms of one or more microplankton species, 
when at least 20% was scanned). For nanoplankton, (2 to 20 µm in diameter) the chamber was 
examined at 400 x magnification until at least 200 cells of the dominant nanoplankton “taxon” 
had been counted. Small flagellates (< 10 µm in diameter) in the nanoplankton were assigned to 
a two groups (reported as “round or fusiform flagellates”) unless they could be readily 
identified as either dinoflagellates, chrysophytes, cryptophytes, prasinophytes or haptopytes.  
 
Phytoplankton pigments also provide a very useful method of quantifying the abundance 
particularly for small cells which often lack taxonomically useful morphological features for 
identification when observed by epifluorescence microscopy or conventional light microscopy. 
We define 4 types of associations between pigments and taxa relevant to Australian waters 
(Table 3.34):  
 
1. pigments found within a narrow range of taxa and a limited range per cell, such as 

divinyl chlorophyll a in Prochlorococcus, where the conversion to cell density can 
be relatively precise  

2. pigments, such as zeaxanthin, that are found in more than one taxon but within 
some taxa the content per cell may be relatively constrained (e.g. Synechococcus). 

3. pigments that are highly constrained to a recognised taxon such as peridinin 
(dinoflagellates), alloxanthin (Cryptophytes), prasinoxanthin (Prasinophytes), 19’-
hexanoyloxyfucoxanthin (Haptophytes) but with a wider range per cell.  

4. pigments that are found in a range of taxa, such as diadinoxanthin. 
 

Where pigments are found across a range of taxa the conversion to taxonomic affiliation can be 
achieved using a various methods such as CHEMTAX which uses a steepest-descent algorithm 
to fit a matrix of expected pigment ratios from those taxa to the observations (Mackey et 
al.1996).  

Microplankton 

Microplankton are often defined as 20 to 200 µm in size. This is a cell size that is relatively 
easy to identify and simultaneously enumerate using a light microscope. Of the cells smaller 
than ~ 10µm the most abundant were round flagellates > fusiform flagellates > cryptophytes > 
prymnesiophytes > prasinophytes & chlorophytes, > small dinoflagellates.  
 
Of the taxa that were identified to species or genera using light microscopy dinoflagellates in 
the genera, Ceratium, were the most abundant. These were followed by a range of coastal and 
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oceanic diatom genera, Pseudonitzschia, Chaetoceros, Nitzschia. Trichodesmium, the N2 
fixing, filiament and bundle forming cyanobaterium was 6th most abundant.  
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Figure 3.124. Average phytoplankton cell densities for the most abundant genera as observed 
at 84 stations between 22 and 34°S and near shore (~  50m water depth) to offshore (> 1000m 
water depth) during SS04/2007.  

Phytoplankton distribution and abundance as assessed by pigments.  

A range of taxa are too small to be identified using a light microsrope, especially those smaller 
than 1 µm such as Synechococcus and Prochlorococcus. Fortunately many phytoplankton have 
unique pigments or pigment combinations that can be used to identify their presence, absolute 
and relative abundances (Table 3.34, Mackay et al. 1996).  This approach has been applied to 
the samples collected during SS04/2007 and other research cruises off the west coast of 
Australia.  
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Table 3.34. Phytoplankton pigment abbreviations and classification into 4 categories: 1) 
pigments found within only a few taxa and a limited  range per cell 2) pigments that are found in 
more than one taxon but within some taxa the conten t per cell may be tightly constrained 3) 
pigments mostly constrained to one taxon but with a  wide range per cell, 4) pigments found in a 
range of taxa.  

 
abbreviation Pigment category Taxa 

caro β,ε carotenoids 4  

peri Peridinin 3 Most autotrophic dinoflagellates 

19but 19’-butanoyloxyfucoxanthin 3 Pelagophytes 

fuco Fucoxanthin 4 often used as a marker for diatoms but 
found in other taxa 

neo neoxanthin 4 Chlorophytes, Prasinophytes 

pras prasinoxanthin 3 Prasinophytes 

viol violaxanthin 4  

19hex 19’-hexanoyloxyfucoxanthin 3 Haptophytes 

DD diadinoxanthin 4  

DT diatoxanthin 4  

allo alloxanthin 3 Cryptophytes 

zea zeaxanthin 2 cyanobacteria, Prochlorophytes 

DVchlb divinyl chlorophyll b 1 Prochlorophytes 

chlb chlorophyll b 4 All greens, e.g. Chlorophytes, 
Prasinophytes, Euglenophytes 

DVchla divinyl chlorophyll a 1 Prochlorophytes 
chla monovinyl chlorophyll a 4 all photosynthetic phytoplankton 

except Prochlorophytes 
 
The fucoxanthin, or diatom concentrations, along the west coast showed a distribution with 
significantly more inshore biomass and more diatoms in the southern regionof this domain 
(Figure 3.125). Patches of high diatoms were found near Shark Bay, Cape Leeuwin, along the 
south coast and in a few offshore eddies.  Considering only the latitudinal band from 27.5 to 
34.5°S (Figure 3.125) the average concentration of fucoxanthin in the SW was 0.028± 0.028 µg 
l-1.
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Figure 3.125. The depth averaged concentrations (µg  l-1) of fucoxanthin (diatoms) on the west 
coasts of Australia. White symbols represent sample  locations. Concentrations estimated away 
from these locations cannot be considered reliable.  White lines demark 27.5 to 34.5°S and are 
referred to as the southwest (SW) region.   

 
Figure 3.126. The depth averaged concentrations (µg  l-1) of zeaxanthin (Synechococcus) on the 
west coast of Australia. White symbols represent sa mple locations. Concentrations estimated 
away from these locations cannot be considered reli able.  White lines demark 27.5 to 34.5°S 
and are referred to as the southwest SW regions.    
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The distribution of zeaxanthin (Synechococcus) showed a strong latitudinal gradient with the 
mean concentration increasing by a factor of 3 along the west coast from ~ 34 to 22°S. The 
greater zeaxanthin concentrations tended to be further offshore relative to those for diatoms 
(fucoxanthin concentrations).  

 

 
 

Figure 3.127. The depth averaged concentrations (µg  l-1) of 19’-butanoyloxyfucoxanthin 
(Pelagophytes) on the west coast of Australia. White  symbols represent sample locations. 
Concentrations estimated away from these locations cannot be considered reliable.   

 
The pigment 19’-butanoyloxyfucoxanthin (Pelagophytes) was widely distributed along the 
entire west coast (Figure 3.127).  There are indications that Pelagophytes abundance was 
greater offshore and in the Great Australian Bight than in the north of this region.  Pelagophytes 
also tended to be deep in the water column relative to other phytoplankton.    
 
To examine the size structure of the phytoplankton community the HPLC pigment data was 
used to estimate three size classes: micro (>20 µm), nano (2 to 20 µm) and pico (< 2 µm) using 
the approach of Vidussi et al. (2001) and Uitz et al. (2008).  The fractions of these three 
pigment-based size classes (pigment abbreviations are listed in Table 3.34) relative to the total 
algal biomass were calculated as: 
 
micro = (1.41*fuco + 1.41*peridinin)/wDP  
nano = (0.60*allo + 0.35*19but + 1.27*19hex)/wDP  
pico = (0.86*zea + 1.01*[Chlb – DVChlb])/wDP  
where wDP is the weighted sum of the concentrations of the seven diagnostic pigments: 
wDP = 1.41*fuco + 1.41*peridinin + 0.60*allo + 0.35*19but + 1.27*19hex + 0.86*zea + 

1.01*[Chlb – DVChlb]   
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All size classes of phytoplankton on both the east and west coasts of Australia showed 
significant (spearman rank order) correlations with latitude. Thus the abundance of pico-
phytoplankton was significantly greater in the northern portion of the study region than in the 
south (Figure 3.128).  Nano and microplankton were significantly more abundant in the south, 
although there was a marked increase in microplankton at 22 to 23°S (offshore of Ningaloo 
Reef) on the west coast.   
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Figure 3.128. The east and west coast latitudinal d istributions of phytoplankton in 3 size 
classes as estimated from pigments apportioned as i n Uitz et al. (2008).  Lines are running 
averages. (A) picoplankton < 2 µm, (B) nanoplankton  >2 and < 20, (C) microplankton > 20 µm. 
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The average proportion of picoplankton was similar on both coasts at 42% on the east coast and 
40% on the west coast (Figure 3.128A). Picoplankton reached its greatest proportion of 
biomass,  ~ 60%, north of 27°S on the east coast and declined further south to a low of ~ 30% 
at 40°S. On the west coast the proportion of picoplankton increased by 0.88±0.13% per degree 
of latitude (P < 0.001). On the east coast the rate of increase was faster (P = 0.018) at 1.3±0.1% 
per degree of latitude (P < 0.0001). On both coasts the observed latitudinal variation, measured 
as coefficient of variation over all data, tended to be lower for nanoplankton than pico or micro 
plankton (Figure 3.128A, B, C).  Microplankton were the least abundant group overall, with 
less than 10% of total biomass north of 20°S rising to nearly 40% at ~ 40°S.  Overall 
microplankton were 18% of the phytoplankton on the west coast and a significantly (P < 0.001) 
greater proportion, averaging 27% of the phytoplankton, on the east coast.   

An overview of Phytoplankton community composition.   

The average total chlorophyll a concentration (via HPLC) over the period from 1996 to 2010, 9 
research voyages and > 600 samples (Table 3.33) from the west coast was 0.28± 0.16 µg L-1.  
The pigments with taxonomic associations were normalised to chlorophyll a to removed effects 
of biomass (Table 3.35) and then analysed by CHEMTAX (Mackay et al. 1996) to determine 
the relative abundance of the major taxa off the west coast (Figure 3.129). Synechococcus was 
the dominant taxon with 43% of the total biomass, Pelagophytes ~ 24%, Haptophytes ~ 14%, 
Prochorophytes 12%, Prasinophytes 12% and decreasing proportions of: Cryptophytes, 
Chlorophytes, Bacillariophytes and Dinophytes (Figure 3.129, Table 3.35).  
 

West Coast

syn 
hapto
pelago
prochloro
prasino
diatoms
crypto 
dino
chloro

 
Figure 3.129. Taxonomic composition based on pigmen t data followed by CHEMTAX (Mackay et 
al. 1996) using data from within the latitudinal ra nge 27.5 to 34.5°S, n = 472 with mean depth = 
42 ± 46m, average month was July (7.2 ± 2.6). Synech ococcus (syn), Pelagophytes (pelago), 
Prochlorophytes (prochlor), Prymnesiophytes = Haptoph ytes (hapto), Chlorophytes (chloro), 
Bacillariophytes (diatoms), Prasinophytes (prasino),  Dinophytes (dino). 
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Table 3.35. Summary of normalised pigments to chloro phyll a from the SW region of coastal 
Western Australia.   

 
 

Pigment SW coast 
 (n=477)*  
(pigment:chla)x103 

 Mean SE 
Peridinin 2.3 0.4 
19’-butanoyloxyfucoxanthin 123 3.3 
Fucoxanthin 98 3.2 
Neoxanthin 8.0 0.4 
Prasinoxanthin 18.8 0.9 
Violaxanthin 6.4 0.4 
19’-hexanoyloxyfucoxanthin 191 3.4 
Alloxanthin 12.9 0.6 
Zeaxanthin 155 6.6 
Lutein 0.2 0.1 
Divinyl chla 123 6.3 
chlorophyll b 146 4.0 
Taxonomic composition %  
Synechoccocus 43.0  
Haptophytes 14.8  
Pelagophytes 23.9  
Prochlorophytes 12.3  
Prasinophytes 8.8  
Bacillariophytes 1.4  
Cryptophytes 5.8  
Dinophytes 0.03  
Chlorophytes 2.2  
N:P molar ratio, 0 to 100m 
(# samples) 

3.93 
(2601) 

0.12 

N:Si molar ratio, 0 to 100m 
(# samples)  

0.179 
(2735) 

0.004 

*maximum number, some pigments have fewer observations. 
 
More details on this section including full methods and the contrast with the east coast of 
Australia can be found in Thompson PA, Bonham P, Waite AM, Clementson LA, Cherukuru N, 
Doblin MA. Contrasting oceanographic conditions and phytoplankton communities on the east 
and west coasts of Australia. Deep Sea Research II 58: 645-663. 
 

 

Key findings: 
The phytoplankton are dominated by < 2 µm cells, primarily Synechococcus and 
Prochlorococcus, with their dominance decreasing with latitude and proximity to 
shore.  
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Pelagic Production 

Previousy there had never been a shelf scale survey allowing a quasi-synpotic view of primary 
production along the west coast of Australia. The pelagic primary production was measured by 
14C uptake. Water samples were gently mixed and poured into replicate clear, 140ml 
polycarbonate bottles and 20 µCi of NaH14CO3 added to each.  At each station (Figure 3.130) 
and 6 depths per station, one bottle was incubated at approximately in situ irradiance and 
temperature for 24 hours (dawn to dawn) and the second in darkness. After 24 hours, the 
incubations were terminated by filtration into two size classes (> and < 5 µm). Filters were 
acidified and left to stand to drive off the residual labelled 14C. The next day, 10ml of 
scintillation cocktail was added to each vial and the activity measured. 
 
Primary production was highest in or near unstable features of the Leeuwin Current (Figure 
3.131) and it appears that variations are strongly driven by these underlying oceanographic 
features. The most significant feature is the mesoscale meander at 31°S (Figure 3.130).  In the 
very centre of the meander/forming eddy depth integrated primary production (416 mg C m-2 d-

1) and Chl a normalised primary production (24.4 mg C mg Chl a-1 m-2 d-1) were elevated 
(Figure 3.131).  Enhanced production in the centre of this feature is further evidence that LC 
warm core eddies behave differently to similar eddies in other southern hemisphere regions 
where warm core eddies are generally regarded as production “deserts”. It has been 
hypothesised that nutrient injection or seeding into warm core eddies at formation is necessary 
to stimulate the enhanced primary production found in older eddies (Greenwood et al., 2007).  
In contrast to older warm core eddies where nitrate concentrations were undetectable (Waite et 
al., 2007), the depth integrated nitrate concentration at the centre of the forming eddy studied 
here was elevated (65 µM m-2) suggesting that new nitrogen is drawn into the centre warm core 
eddy during formation and through efficient retention and recycling goes on to stimulate 
biomass and support ongoing primary production in warm core eddies. The activity of the warm 
core eddy appears to cause the mixed layer to deepen (to 164m) which may mix deep water 
nutrients towards the surface (Lourey et al., 2006). Early in the formation production is high 
relative to the biomass (high chlorophyll a normalised primary production) suggesting there has 
been a recent addition of nutrients and biomass has not yet responded. The mixed layer 
continues to deepen as the eddy matures (compare the MLD of 164m here and 275m in Waite 
et al., 2007; and simulations by Greenwood et al., 2007) although it is not clear that there is 
further exchange. In the older eddies the normalised production does not appear to be elevated 
(Waite et al., 2007) and it is possible that the deep water may is actually displaced by the 
depression of the mixed layer during evolution and ongoing exchange across the base of the 
mixed layer is minimal (Waite et al., 2007). 
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Figure 3.130. Satellite altimetry and current vector s during Southern Surveyor voyage SS0407. 

 

 
Figure 3.131. Total depth integrated primary produc tion (A, in mg carbon m -2 d-1) and 
chlorophyll a normalised primary production (B, grams carbon gra m chlorophyll a m-2 d-1) 
measured during SS04/2007. 

 



IMPROVED DESCRIPTIONS AND CONCEPTUAL MODELS 

WAMSI Node 1 Project Report Annexure A • 30 June, 2011 265 

There is a sizable difference between this and a discrete fully formed eddy. Here, the feature is 
effectively open. There is a connection between the eddy and the Leeuwin current and while 
there is clearly a substantial flow of Leeuwin Current water through the meander it is likely that 
a proportion of the flow makes the junction directly across the top of the feature. Despite this, 
the feature appears to have a strong influence on primary production downstream of the 
meander. Upstream of the meander, primary production in the current was uniformly low (mean 
152 ± standard deviation 33 mg C m-2 d-1) while downstream it was considerably higher (370 ± 
112 mg C m-2 d-1) and similar to the levels observed in the main flow of the feature (385 and 
573 mg C m-2 d-1 , see Figure 3.131). This contribution has important implications for primary 
production in the southwest and beyond as the current makes its way south and then east as it 
rounds the southern extend of the Australian mainland (Ridgeway and Condie 2004). 
 
A smaller feature emanated from the Leeuwin current in the vicinity of 27°S and its action 
generates the highest rates of primary production measured (1650 mg C m-2 d-1 at the outer 
station of the 27°S transect, see Figure 3.131). There is a well defined warm core eddy lying to 
the west of and well removed from this sampling station but it appears that this feature 
(possibly with the combined effect of the cold core feature located to the south east) may draw 
water off the shelf and direct it firstly off shore and than towards the northwest. This generates 
a clockwise flowing feature and although the velocities associated with this feature do not 
appear significant compared to the mesoscale meander, it has a significant influence on primary 
production. In addition to the greatest rate of over all primary production measured (double the 
next highest) the outer 27°S station also had high chlorophyll a normalised primary production 
(39.8 mg C mg Chl a-1 d-1 was the highest measured, see Figure 3.131) despite the second 
highest depth integrated biomass (41.5 mg Chl a m-2). Despite the exceptional biomass and 
relative rates primary production neither the depth integrated nitrate concentration nor mixed 
layer depth are elevated at this point. While it is not necessarily surprising that the nitrate 
concentrations at this point are low. These surface waters are uniformly nitrogen limited and it 
is probable that the nitrate that generated the high production/biomass observed here has been 
rapidly consumed (Lourey et al., 2006). The relatively shallow mixed layer suggests that the 
mechanism for supply here does not include vertical exchange associated with variations to the 
mixed layer depth. 
 
A region of high production (727 mg C m-2 d-1, see Figure 3.131) and chlorophyll a normalised 
primary production rate of (29.4 mg C mg Chl a-1 d-1, see Figure 3.131) in the north of our 
domain (outer station at 24°S) appears to have a different structure and water mass composition 
to the other features (Figure 3.132). Most of the stations sampled here were evenly distributed 
between two temperature-salinity end members. In the north, Leeuwin Current water has a low 
salinity and high temperature that gradually becomes colder and more saline as it travels 
southwards due to a loss of surface heat and evaporation as well as mixing with subtropical 
surface waters (Feng et al., 2007). The T-S relationship at the high production station at 24°S 
was considerably different to the general relationship (Figure 3.132) and the depth integrated 
nitrate concentration was the highest measured (136 µM m-2), indicative of significant variation 
in the composition of the water mass at this station. This variation in T-S characteristics and 
depth integrated nitrate concentration stems from the euphotic zone extending below a very 
shallow mixed layer. As a consequence, deeper samples were effectively collected from a 
different water mass to the surface samples. The high nitrate concentration at relatively shallow 
depth generates considerable deep primary production. The production at 100m was similar to 
shallower depths and as a result 46% of the depth integrated primary production is occurring 
below 50m.  Low biomass and light conditions that normally limit production at these depths 
suggests that the deep photosynthesis here must be highly efficient to generate rates of carbon 
uptake equivalent to those closer to the surface.  



IMPROVED DESCRIPTIONS AND CONCEPTUAL MODELS 

WAMSI Node 1 Project 1 Annexure A • 30 June, 2011 266 

 

 
Figure 3.132. Depth averaged temperature ( °°°°C) versus salinity. The circled point is the outer 
station at 24 °°°°S. 

 
The water mass below the mixed layer at 27°S has an extremely high nitrate concentration (5.4 
µM) and makes a considerable contribution to depth integrated rates of primary production at 
that station. The proximity of this high nutrient water close to the surface (strong nitracline 
between the 50 and 100m samples) in the region of the Leeuwin Current’s source introduces 
the possibility of entrainment of nutrients into the core of the Leeuwin current as a mechanism 
for the transport of nutrients to the south (Koslow et al., 2008). However, there is scant 
evidence of a broader influence of this feature. Firstly, the unique TS profile of the nutrient rich 
deeper water does not appear in the surrounding stations or the core of the Leeuwin current 
which suggests that any exchange has not been sufficient to noticeably modify the TS signature. 
Secondly, primary production in the Leeuwin Current is very low (down stream of feature A 
notwithstanding) and we would probably have expected any such exchange to have an 
immediate and significant influence on rates of primary production in the Leeuwin Current. 
 

Key findings: 
Regions of high primary production along the west coast of Australia were associated 
with features of the Leeuwin Current such as a productive eddy-forming meanders, 
thin and shallow layers of high nitrate offshore at ~ 22 to 24°S and the LC transport 
and entrainment of this thin layer into the photic zone at latitudes > 28°S.  
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Zooplankton Biomass 

Introduction 

We measured zooplankton biomass to provide information on inshore-offshore and north-south 
abundance of these important organisms. The spatial pattern in zooplankton is important for 
understanding the functioning of marine ecosystems since these organisms are abundant and 
form a trophic link between primary producers and fish. All larval fish and many adult feed 
directly on zooplankton. Also, zooplankton biomass cycles with nutrients and pollution levels. 
Zooplankton play important role in carbon sequestration, are water mass and climate change 
indicators. The spatial heterogeneity in plankton biomass is important for various processes like 
species reproduction, population dynamics and prey-predator interactions. In our study we 
examined the spatial variability in biomass with respect to environmental variables measured. 
We considered several size classes: 3000+, 3000-1000, 1000-355,355-250, 250-150 and 150 to 
100 µm.  

Methods 

Zooplankton was collected using oblique Bongo tows with 355 and 100 µm mesh inshore of the 
Leeuwin Current, in the Leeuwin Current and offshore of the Leeuwin Current (Figure 3.133) 
Biomass of zooplankton was determined using Ash-Free Dry Weight which is a measurement 
of the weight of organic material. Samples were collected by oblique tows of Bongo nets with 
50 cm diameter opening and 100 and 355 µm mesh nets. Samples were immediately preserved 
in 5 % borax buffered formalin (2 g of borax to 98 ml of 40% formaldehyde, Griffiths et al, 
1976). Samples were processed for biomass between September 2007 and February 2008. In 
the lab samples from 100 µm mesh net were size fractionated on precombusted and pre-
weighted Whatman GFC filters. Filters were pre-combusted at 500 C for 2 hours (Nagao et al, 
2001). Samples were dried at 60º C for 48 h in Qualtex Solidstat oven. Samples were 
transferred to desiccator and allowed to cool to room temperature. Next the dry weights were 
weighted on balance Sartorius MC1. The resulting dry weight was the weight of both the 
organic and inorganic contents of the sample. The weighted samples on glass fiber filters were 
combusted in a muffle furnace (Heraeus Electronic) starting at room temperature and reaching 
500 ºC for 12 hours to determine ash weight (Postel et al, 2000). The AFDW (the organic 
content of the sample) was obtained by dry weight (inorganic and organic contents) minus the 
weight of the ash (inorganic contents only). We used multivariate package PRIMER + 
PERMANOVA to analyse data. 

Results 

Net plankton samples especially from shallower waters contained considerable amount of  ash 
(from 35% ±20% of dry weight inshore to 18% ± 7 %  and 23% ± 4 % in LC and offshore 
respectively) caused by contamination of inorganic materials from re-suspension of sediments 
and phytoplankton originated detritus.  
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Figure 3.133. Zooplankton stations showing time of sampling. 

 
Total and size fractionated biomass showed strong pattern following water masses. Biomass 
was higher inshore than in Leeuwin Current (LC) and offshore waters (Figure 3.134). From 34 
to 29ºS biomass offshore was lower than in LC waters but the difference disappeared north of 
29 parallel.  There was a clear South-North pattern in LC and offshore waters showing bimodal 
distribution with higher values between 33 and 29 ºS and again between 24 and 22 ºS and low 
of around .005 g AFDW m-3 between 28 and 27 ºS.  Inshore samples showed no geographic 
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trend on the scale of sampling (every degree) implying possible smaller scale pattern or spatial 
autocorrelation.   
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Figure 3.134. Biomass of zooplankton (g AFDW m -3) inshore, in Leeuwin current (LC) and 
offshore from 34 to 22 ºS. 

 
Larger size fraction (355 to 1000 µm) was a major contributor to total biomass in most stations 
(Figure 3.135). This size fraction consists mainly of larger copepods, smaller chaetognaths and 
siphonophores.  In general inshore largest organisms (1000 µm +) were more important than 
offshore and in LC. 
 

 
Figure 3.135. Size fractionated biomass of zooplankt on (g AFDW m -3). 
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Size fractionated zooplankton biomass followed total biomass pattern. LC and offshore samples 
clearly separated from inshore ones (Figure 3.136). 

 
 

Figure 3.136. Size fractionated biomass: offshore-in shore gradient. 

 
Investigations of process behind the pattern indicated that fluorescence was an important 
environmental variable best explaining the biomass pattern with Spearman rank correlation Rho 
= 0.479 (Figure 3.137).  
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Figure 3.137. Linking biomass to environmental patt erns. 

 
We compared zooplankton biomass after conversion to wet weight (using factor of 0.2) with 
data from Tranter (1962) (Figure 3.138 and Figure 3.139).  
 

 
 

Figure 3.138. Zooplankton biomass (wet weight). 
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Figure 3.139. Biomass of zooplankton around Austral ia (from Tranter, 1962). 

 
The comparison with Tranter data shows that biomass was comparable and low offshore but 
higher in shelf waters during Tranter’s survey than during our sampling in the Leeuwin 
Current. On the global scale zooplankton biomass along our west coast is low (Figure 3.140). 
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Figure 3.140. Zooplankton biomass around the world.   

Discussion 

Zooplankton biomass off the west coast showed a strong offshore-inshore trend. North- South 
pattern was more complicated and asynchronous among the water masses. Large size fractions 
contributed strongly to biomass however small zooplankton was very important with copepods 
<355 µm contributing on average about 30% to total biomass. We have no long time series on 
zooplankton around Australia and only comparison we were able to make was with Tranter, 
1962. This gap in reseach is partially being addressed through IMOS reference stations.   
 

 

Zooplankton Nutrition 

Introduction  

Mesozooplankton from SS04/2007 cruise was analysed for fatty acid composition. 
Mesozooplankton forms a key trophic link in marine ecosystem and an important mediator of 
carbon flux. Mesozooplankton uses a wide range of prey including phytoplankton, 
microzooplankton, bacteria and marine snow. The analysis of fatty acid composition has been 
applied to reveal dietary components of marine organisms. The use of fatty acid trophic 
markers is based on the premise that phytoplankton, microzooplankton and bacteria all produce 

Key findings: 
In the first large scale survey of zooplankton along the west coast of Australia they 
were found to be > 5 times more abundant neashore providing a relatively rich coastal 
environment for the growth of planktonic carnivores such as larval fish.  
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taxon-specific fatty acids which are retained by their predators and which can be used to 
quantitatively assess the relative trophic position and dietary quality. The time it takes for 
copepods (which usually form the bulk of mesozooplankton) to display changes in the fatty acid 
signatures of their diets varies considerably across genera and also depends on physiological 
condition but biomarkers integrate the trophic information over a longer time scale of several 
weeks while traditional approaches like gut content analysis provide information only on recent 
feeding. Fatty acids can be used to infer trophic relations in copepods because copepods 
acquire many of the fatty acids required for their growth and reproduction from their diets. 
Experimental studies have confirmed the trophic biomarker approach. Clear changes in fatty 
acid compositions could be induced by different phytoplankton diets. However, there are 
limitations in using fatty acids: no single fatty acid can be assigned uniquely to any one species. 
Fatty acids are not necessarily metabolically stable and turnover rate can be species specific 
and depends on metabolic condition of the organisms. Consequently fatty acids have been so 
far used as quantitative food web markers. 
 
The aim of the project was to examine the variability in mesozooplankton feeding from south to 
north off Western Australia in three water masses: inshore of Leeuwin Current, in Leeuwin 
Current and offshore of Leeuwin Current. We hypothesised that mesozooplankton from coastal 
waters that tend to be more productive would have higher proportion of fatty acids associated 
with diatoms e.g. 16:1 n-7 and 20:5 n-3 and mesozooplankton from oceanic waters would have 
more fatty acids associated with small phytoplankton e. g. 18:3 n-3 and 18:4 n-3 and more 
omnivory or carnivory markers e.g. 18:1(n-9)/18:1(n-7),  the proportion of PUFA to saturated 
fatty acids or ratio of DHA/EPA from microzooplankton prey. The inclusion of biochemical 
indices of zooplankton can add valuable information about the potential of food quality to 
higher trophic levels like fish.  
 
Pelagic food webs can be microbial, when small phytoplankton dominates or herbivorous when 
large phytoplankton dominates. Protozoea (i.e. flagellates and ciliates) feeds on small algae and 
bacteria. Metazoans graze phytoplankton, flagellates and ciliates ≥ 5 µm. In oligotrophic waters 
main trophic links to the metazoan is via protozoa. Herbivorous food web is usually dominated 
by large diatoms and is characterised by efficient transfer of energy to higher trophic levels. 
Microbial food wed is based in flagellates. Diatoms vs dinoflagellates food web can be 
differentiated by 16:1 n-7/16:0 ≥ 1, high proportion of 20:5 n-3, high ratio of ∑C16 to ∑C18 
and high ratio of EPA (20:5 n-3) to DHA (22:6 n-3). 
 
The fatty acids were examined to reveal main food web patterns in mesozooplankton from 
different water masses. 16:1 n-7/16:0 and EPA/DHA ratios exemplify a high degree of 
correlation of diatom vs dianoflagellate markers (Mayzaud et al. 1976). 

Methods 

We collected zooplankton using Bongo nets (355 and 100 µm mesh) towed obliquely to depth 
of the station (nearshore) or 150 m in the Leeuwin Current and offshore waters every parallel 
from 22 to 34 °S. Mesozooplankton for fatty acid analysis was size fractionated on board and 
frozen immediately after collection. Therefore fatty acids are a mixture of fatty acids from the 
food in the guts and fatty acids assimilated into the mesozooplankton body tissues.  Lipids were 
quantitatively extracted from the samples by a single-phase chloroform/methanol method 
(Bligh and Dyer, 1959), which was modified by substituting dichloromethane for the 
chloroform.  Each sample was added to 20 ml of a 3:6:1 v/v/v dichloromethane/methanol/water 
solution and held at room temperature overnight.  Samples were then centrifuged at 10,000rpm 
(Orbital 420).  After centrifugation, 10 ml of the solution was taken, with 10 ml of 
dichloromethane, followed by 10 ml of water, added and the mixture centrifuged again.  The 
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bottom dichloromethane solution was then concentrated using a rotatory evaporator under 
vacuum.  The resulting sample was mixed with 2% sodium hydroxyl in methanol refluxing for 
10 minutes.  Borontrifluoride-methanol complex was then added into the samples and mixed for 
2 minutes.  Finally, hexane was added.  The upper hexane solution was transferred to a gas 
chromatography (GC) vial for fatty acid analysis by GC analysis.  
 
 Gas chromatography (GC) was initially performed using a HP 5890 GC system equipped with 
FID detector and Agilent 6890 Series injector.  The gas chromatograph was equipped with a 60 
m x 0.25 mm i.d. and 0.25 um BPX 70 (SGE) with hydrogen (ultra pure) as the carrier gas.  The 
initial oven temperature was set for 100°C, increasing at a rate of 2.5°C/minute to 150°C (held 
for 2 minutes).  Temperature was then increased at 1.5°C/minute to 220°C (held for 1 minute).  
Finally, the temperature increased at 12°C/minute to 250°C (held for 8 minutes).  The peak 
areas were determined with an integrator (Hewlett-Packard 5890).  Peak identifications were 
based on comparison of retention times with authentic and laboratory standards and subsequent 
gas chromatographic-mass spectrometric (GC-MS) analysis using an Agilent Technologies 
6890N network GC System and 5973 Network Selective Detector.  Data were acquired and 
peak area quantified using ChemStation chromatography software.  The abbreviated fatty acid 
nomenclature used within this paper is A:Bn-X, where A designates the total number of carbon 
atoms, B the number of double bonds, and X the position of the double bond closest to the 
terminal methyl group. Since the analysis are derived only from zooplankton fatty acid profiles 
and there is no information on prey fatty acids it can only provide comparative information.   
 
Size dependent patterns are important in marine ecosystems because invertebrates and 
planktivorous fish are size selective predators. Remotely sensed ocean colour (SeaWiFS 
chlorophyll a concentration as indication of phytoplankton biomass) generated by NASA 
(Giovanni.gsfc.nasa.gov) from April to May 2007 was used to correlate phytoplankton with 
zooplankton biomass from June-May 2007 cruise. Historical data was used in preference to 
phytoplankton data collected during the cruise because there is an observed time lag of about 
10 weeks between phytoplankton and zooplankton biomass.  

Results 

There was a significant correlation (P < 0.01) between zooplankton and phytoplankton biomass 
(Figure 3.141) indicating that zooplankton was feeding directly or indirectly (by consuming 
protozoa that were feeding on phytoplankton) on phytoplankton (Figure 3.141). Note that 4 data 
points with high biomass were removed from the second (b) analyses. It is not possible to 
estimate contribution of large zooplankton to total biomass from satellite data however all the 
samples collected from waters off Western Australia coast indicate that small (< 5µm) 
phytoplankton dominates. Since there is a general relationship between chlorophyll and 
particulate organic carbon (POC) in the euphotic zone of the oceans POC can be estimated 
from chlorophyll a (Legendre and Michaud, 1999). In turn the concentration of suspended POC 
provides estimates of biogenic carbon that is a potential food by zooplankton. This correlation 
indicated that sampled zooplankton was feeding on phytoplankton indirectly by consuming 
protozoa.
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Figure 3.141. Correlation of mesozooplankton biomas s with biomass of potential food sources. 

 
We analysed physical and chemical properties of water masses sampled for zooplankton during 
Southern Surveyor cruise. We averaged temperature, salinity and nutrient values over the depth 
of zooplankton sampling i.e. from 0 to 150 m or depth of the station. We named water masses 
based on the stations depths: Oceanic, Leeuwin Current (LC), Modified LC and Coastal 
corresponding to 1000 to 2000 m, 250-300 m, 70 – 100 m and ≤ 50 m depth respectively.  
 
Water became progressively warmer and less saline from south to north Temperature-salinity 
diagrams obtained from the measurements from 0 to 150 m (or depth of the stations) show that 
only oceanic waters clearly separated from the rest in 4 southerly transects. North of 30 ºS all 
water masses were pretty mixed (Figure 3.142). Physical and chemical properties of the water 
masses in the upper 150 m were not very different except for offshore waters in most southern 
parallels.   
 
Nitrate and phosphate were low across the study area and the values decreased from offshore to 
inshore (Figure 3.143). Redfield ratio of nitrate to phosphate was highest (11 and 12 
respectively ) in oceanic stations on parallel 33 ºS and 24 ºS and lowest in coastal waters on 
parallel 32, 29 and 28 ºS and in Modified LC on parallel 23 ºS (<1). At the time of the cruise 
nutrients in upper 150 m depth in all water masses were too low for large phytoplankton 
growth. Diatoms would require silicate, phosphate and nitrate concentrations of 3.9, 0.24 and 
1.6 µM respectively for growth (Sarthou et al., 2005). In addition Redfield ratio was lower than 
16:1 that is optimal for phytoplankton. 
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Figure 3.142. Temperature and salinity plots for th e study area. Values are an average from 0 to 
150 m depth or the depth of the station. 
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Figure 3.143. Nutrients (mean from 0 to 150 m or st ation depth) for each parallel. Water masses 
correspond to same depths as in Figure 3.142. 

 
We extracted SeaWiFS ocean colour data produced from global area coverage with a spatial 
resolution of 9 km1 to compare the annual cycle of chlorophyll a from 34 to 22 º S at the 
stations visited during our cruise to the pattern described by Koslow et al. (2008).   Chlorophyll 
a dynamics in 2007 offshore and in the LC waters conformed to observations of Koslow et al. 
(2008) with autumn/winter peaks throughout the cruise area. Shallower waters between 100 and 
50 m deep showed two types of pattern: autumn/winter peak in southern half off WA coast 
from 34 to 28 ºS and summer peak from 27 to 22 ºS (Figure 3.144). 
 

                                                      
1 http://reason.gsfc.nasa.gov/OPS/Giovanni/ocean.seawifs.2.shtml, last visited June 2009. 
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Modified LC and Coastal waters 34-28 S
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Modified LC and coastal waters 27 - 22 S
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Figure 3.144. Annual pattern of chlorophyll from Ja nuary to December 2007 in study area. 

 
These environmental data will be used to discuss the pattern of feeding of mesozooplankton 
revealed by fatty acid analysis. 
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Figure 3.145. Degree correlation r = Pearson’s produ ct movement correlation coefficient 
between diatoms and dinoflagellates markers.  

 
Diatoms vs dinoflagellates food web can be differentiated by 16:1 n-7/16:0 ≥ 1, high proportion 
of 20:5 n-3, high ratio of ∑C16 to ∑C18 and high ratio of EPA (20:5 n-3) to DHA (22:6 n-3). 
The fatty acids were examined to reveal main food web patterns in mesozooplankton from 
different water masses. 16:1 n-7/16:0 and EPA/DHA ratios exemplify a high degree of 
correlation of diatom vs dinoflagellate markers (Figure 3.145). 
 
There was no difference between inshore and offshore or Leeuwin current water masses in 
diatom food web markers in zooplankton (Mann Whitney P = 0.9). Dinoflagellate food web 
dominated of the coast of Western Australia in May/June 2007. Eddy Edge bordering Leeuwin 
Current had the highest diatom to flagellate ratio however it was still below 1 (a cut off point 
for diatom dominance) (Figure 3.146). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.146. Herbivorous (Diatom) vs microbial din oflagellate food web. 

0.0 0.2 0.4 0.6 0.8

%

0.2

0.4

0.6

0.8

1.0

1.2

1.4

r = 0.878 
P<0.01 
n = 171 

16:1 n-7/16:0 

E
P

A/D
H

A
 

 

0.0 0.2 0.4 0.6 0.8

%

0.2

0.4

0.6

0.8

1.0

1.2

1.4

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

    offshore     LC       inshore      eddy      eddy        eddy 
                                                    centre    edge      edge LC 
 

1
6

:1
 n

-7
/1

6
:0

 



IMPROVED DESCRIPTIONS AND CONCEPTUAL MODELS 

WAMSI Node 1 Project 1 Annexure A • 30 June, 2011 282 

Microbial food web often leads to increase in omnivory where zooplankton selects 
microzooplankton over phytoplankton. Omnivorous diet is characterised by high 18:1 n-9/18:1 
n-7 and high DHA to EPA ratios (Stevens et al. 2004). There was a high degree of correlation 
between omnivory markers (Figure 3.147).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.147. Degree of correlation r = Pearson’s pr oduct movement correlation coefficient 
between omnivory markers.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.148. Estimated relative degree of omnivory was greatest offshore.  
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We examined the quality of food for planktivorous fish and fish larvae. Long chain n-3 PUFA 
are important for fish since they can not convert short chain fatty acids into EPA or DHA. Lack 
of these essential fatty acids results in low growth and failed recruitment. Fish have higher 
demand for DHA than EPA. High dietary DHA to EPA ratios are correlated to enhanced 
growth and survival. High DHA to EPA is critical for growth and neural and eye development 
of larval and juvenile fish.  All water masses had similar levels of EPA and DHA and EPA to 
AA and  there were no significant differences in ratios from offshore to inshore (Kruskal-
Wallis, p = 0.8) (Figure 3.149 and Figure 3.150).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.149. Ratio of docosahexaenoic acid (DHA) t o eicosapentoic acid (EPA). 
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Figure 3.150. Ratio of eicosapentaenoic acid (EPA to arachidonic acid (AA). 

Discussion 

This is the first study to examine fatty acids in the size fractionated zooplankton samples from 
the west coast of Western Australia (WA). The fatty acid distribution of zooplankton indicated 
the dominance of the heterotrophic dinoflagellate food web present off the coast of WA in 
March - May 2007 based on the diatom to dinoflagellate ratio < 1. Indeed cell counts showed 
that the dinoflagellate, Ceratium, was the dominant microplanktor on the west coast (Figure 
3.124) while the pigment biomarker for photosynthetic dinoflagellates was extremely low along 
the west coast. A largely microbial food web is expected in the oligotrophic waters dominated 
by small phytoplankton. Copepods fed on a mixed assemblage of small flagellates including 
cryptophytes, haptophytes and prymnesiophytes. The observed lack of 18:5 n-3 which is a 
marker for photosynthetic dinoflagellates suggested that zooplankton were feeding on 
heterotrophic dinoflagellates (i.e. lacking photosynthetic pigment) since only photosynthetic 
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dinoflagellates contain this fatty acid (Henderson et al, 1988, Okuyama et al., 1993). This result 
is also consistent with the very low concentrations of peridinin, the pigment marker found in 
photosynthetic dinoflagellates (Table 3.34) indicating photosynthetic dinoflagellates were 
about 100 times less abundant than Synechococcus, Pelagophytes, Coccolithophorids 
(haptophytes) and Prochlorococcus along most of the west coast. Photosynthetic 
dinoflagellates were found only infrequently in coastal waters and not found at all at stations 
further offshore during monthly surveys from 2002 to 2004 along the Two Rocks transect north 
of Perth, Western Australia yet high proportion of  heterotrophic dinoflagellates especially in 
offshore waters were identified in cell counts from that region throughout the study (Keesing 
and Heine, 2006). The straight chain 15:0 and iso branched 15:0 and 17:0 suggest some 
zooplankton feeding on protozoa. Another characteristic that can indicate carnivorous feeding 
was presence of 18:1 n-9 fatty acids and west coast zoopankton had a mean of 6% ± 1.8 
standard deviation (range between 2.7 and 11.3%) compared to over 20% in Arctic copepods 
and 4.6 and 5 % reported for Mesocalanus tenuicornis and Nannocalanus minor respectively 
from the tropics. Carnivory increased from inshore to offshore while diatom markers were 
higher in copepods caught inshore (Kattner and Hagen 2009). Fish require three long chain 
polyunsaturated fatty acids: docosahexaenoic acid DHA, 22:6n-3, eicosapentaenoic acid EPA, 
20:5n-3 and arachidonic acid AA, 20:4n-6 (Sargent et al, 1999). Ratio of DHA to EPA was 
above 2 in most west coast stations, sufficient for the dietary requirement of marine fish larvae 
for normal growth and development. The optimal ratio of AA:EPA  is more likely species 
specific and related to environment ranging from 1:1 in stressful, turbulent environment to 10:1 
or greater in stable environment.  Zooplankton from offshore and LC contained higher ratio of 
this PUFA than zooplankton from inshore and the warm core eddy at 31°S sampled in autumn 
2007. 

Zooplankton Secondary Production 

Methods 

Using samples from the cruise (SS04/2007) we analysed the size fractionated zooplankton 
secondary production and its spatial pattern. We assessed the use of the enzymes aminoacyl-
tRNA synthetases (AARS) as a proxy of growth of zooplankton. Samples were collected from 
22°S to 34°S in the coastal zone, the Leeuwin current (LC) and oceanic environments (station 
depths of 50m, 300m and 1000-2000m respectively), and in an offshore anticyclonic eddy 
(Figure 3.151). Mesozooplankton was sampled with a 100µm mesh net from the bottom (coast) 
or from 150m depth (LC and oceanic stations) to the surface. The samples were size fractioned 
through 150µm, 250µm and 355µm meshes and frozen in liquid nitrogen for later enzymatic 
analysis. The biomass (protein), growth (specific Aars activity) and production (community 
Aars activity) were estimated in four zooplankton size fractions (100-150 µm, 150-250 µm, 
250-355 µm and > 355 µm).  Aminoacyl t-RNA synthetases (AARS) are a group of enzymes 
that catalyse amino acid (αα) activation and the transfer of activated amino acid to their tRNAs 
It is a first step in protein synthesis, and AARS activity is therefore directly related to protein 
synthesis. A significant relationship between protein synthesis and growth was observed in 
cephalopods and fishes.  Chang et al. (1984) developed a continuous assay for AARS activity.  
They measured activity based on the release of pyrophosphate (PPi) during aminoacylation 
(incorporation of PPi into ATP) of tRNA assessed as oxidation of NADH by PPi.   

Results 

Total zooplankton production was 0.39 mg C m-3 day-1  nearshore and 0.11 mg C m-3 day-1 in 
the Leeuwin Current and offshore. In the eddy centre zooplankton production was 0.07 and 
0.07 and 1.18 mg C m-3 day-1in the eddy edges. Zooplankton biomass (Figure 3.152), growth 
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(Figure 3.153) and production (Figure 3.154) were higher inshore than offshore. We observed 
high production of zooplankton at 29-30°S. The range of growth rates estimated by Aars 
activity was comparable to rates estimated by more traditional methods (Figure 3.155). 
 

 
 

Figure 3.151. Locaton of sampling stations. 
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Figure 3.152. Zooplankton biomass (mg Protein m -3). 
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Figure 3.153. Zooplankton growth - specific Aars ac tivity (nm PPi mgProtein -1 h-1). 
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Figure 3.154. Zooplankton Production - community Aar s activity (nm PPi m -2 h-1) 
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Figure 3.155. Comparison of egg production, artific ial cohort and Aars method for estimating 
growth. 

Discussion 

There are routine methods in estimating primary production, but no commonly accepted and 
routine method for measuring secondary production.  The ‘egg production method’ is the most 
commonly employed, but it is tedious and time consuming.  New approaches related to studies 
of specific enzyme activity are being developed. Our project examined the use of enzyme assay 
Aars to estimate secondary productioin. The comparison of the growth rates estimated by more 
traditional methods was comparable to rates from Aars. The use of enzymatic method allows 
making estimates of zooplankton production on much larger spatial and temporal scale. 
Samples can be collects during oceanic cruises and frozen for further processing in the 
laboratory.  
 
The growth rates of zooplankton along WA coast vary spatially but in general coastal areas are 
more productive than Leeuwin Current or offshore. The enhanced productivity zone at 20-30° S 
correlated with the deepening of the mixed layer and the production of eddies from the 
Leeuwin Current. Enhanced production in 5000 m waters in the eddy edge was correlated with 
advection of more productive nearshore and shelf water masses offshore. 
 

 
 

Key findings: 
The growth of zooplankton was measured for the first time and found to be associated 
with mesoscale features of the Leeuwin Current such as eddies and edges.  
The microbial food web dominated in all water masses with zooplankton fatty acids 
profiles suggesting heterotrophic dinoflagellates are a keystone species. Carnivory 
increased from inshore to offshore while fatty acids originating from diatom were 
greater in zooplankton caught inshore. 
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Larval fish 

As shown for other boundary current systems (e.g. Hare et el. 2001, Kasai et al. 2002), it is 
probable that the LC exerts strong influence upon dispersal of pelagic larvae which in turn 
influences recruitment variability. The LC differs from other eastern boundary currents by 
transporting low-salinity, warm tropical waters poleward off the WA coast in the south-eastern 
Indian Ocean (Pearce 1991, Feng et al. 2003, Ridgway and Condie 2004).  A recent modelling 
study of retention and dispersal of shelf waters off WA by Feng et al. (2010) identified several 
geographical regions of low and high retention based on the physical oceanography.  Areas of 
the continental shelf that experienced low retention were those which were exposed to high 
alongshore currents, particularly where the LC made considerable incursion over the shelf, and 
the formation of meso-scale eddies both of which induce vigorous horizontal advection and 
vertical mixing. 
 
During SS04/2007 13,944 larval fishes from 114 families were sampled and they comprised 
tropical and temperate as well as oceanic and neritic taxa.  In general, the mean abundance of 
larval fishes was highest at the shelf break (97 larvae m-2) compared to mean abundances on the 
inner shelf (50 m, 64 larvae m-2) and in oceanic waters (> 1000 m, 70 larvae m-2 (Figure 3.156). 
High abundances at oceanic stations were associated with meso-scale features, for example the 
very high abundance (mean: 175 larvae m-2) at an oceanic station at 24oS was in association 
with a cyclonic feature, an eddy situated at 27oS had a mean abundance of 146 larvae m-2 but, 
comparatively, the mean abundance of larval fishes in a developing anti-cyclonic eddy situated 
offshore at ~31oS was only 34.7 larvae m-2.  
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Figure 3.156. Mean abundances of larval fish sample d at every degree of latitude from 34 to 
22°S at various depths (isobaths) during May-June 20 07 on SS04/2007.  

 
The shelf break assemblage was dominated by larvae of Myctophidae (particularly Diaphus 
spp.) (>48%) and Phosichthyidae (mostly Vinciguerria spp.) (>18%) (Table 3.36).  Overall, the 
larvae of oceanic meso-pelagic taxa accounted for 75% of the total shelf break assemblage. The 
larvae of neritic families comprised 23% of the total assemblage, the most abundant of which 
were Bregmacerotidae (4%) and Clupeidae (3%).  The diversity of neritic taxa decreased 
southwards (27 families at 22oS and 9 families at 34oS).  In general, the abundances of neritic 
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larvae at the shelf break at latitudes north of 28oS (mean: 13.9 larvae m-2) were considerably 
less than those on the inner shelf (mean: 84.3 larvae m-2).   
 

Table 3.36. Percent composition of larval fish assem blages showing the 10 most abundant 
families by mean abundance (number of larvae / m -2) for each isobath, i.e. 50 m (inner shelf), 
300 m (shelf break) and 2000 m (oceanic), which are  averaged across latitudes.  Spaces with no 
numbers do not indicate absence. Results are shown for all samples collected off the coast of 
Western Australia between 22 oS and 34 oS, May-June 2007. 

 

  Sampling Location  

Family Inner shelf Shelf Break Oceanic Eddy 

 % % % % 
Apogonidae 4.3    
Bregmacerotidae 7.2 4.4 3.4 4.9 
Callionymidae 1.5    
Champsodontidae  2.8    
Chauliodontidae    1.4 
Clupeidae  11.7 3.1   
Engraulidae 37.0 1.4 7.0  
Gobiidae  2.8    
Gonostomatidae   2.0 2.8 0.5 
Labridae  1.2 1.7  0.4 
Myctophidae  7.2 48.7 45.8 38.5 
Notosudidae  2.1 2.0 7.1 
Paralepididae   1.1  
Phosicthydae  3.2 18.5 20.5 36.0 
Pomacentridae  1.1   
Scombridae   1.5   
Scopelarchidae    1.8 1.2 
Serranidae    0.2 
Sternoptychidae    2.7 0.8 
Triglidae   1.4  
Other neritic taxa 20.2 10.0 8.2 1.8 
Other meso-pelagic taxa 0.6 3.6 1.6 2.0 

 
In oceanic waters, the assemblage was dominated by myctophid (46%) and phosychthyid (20%) 
larvae (Table 3.36).  Engraulidae was the most abundant neritic family (7%) but the distribution 
of these larvae in oceanic waters was spatially restricted and only occurred in high numbers at 
27oS (58 larvae m-2). The larvae of coastal and reef-dwelling taxa were also recorded offshore 
at 27oS and included the acanthurid (Naso sp.), Ptereleotrine microdesmids (Ptereleotris sp.) 
and an epinepheline serranid although these tropical larvae were in very low abundances (<1 
larva m-2).  
 
Larval fishes were most abundant at the shelf break and high abundances were also recorded in 
oceanic waters and were in often in association with meso-scale features, for example the 
cyclonic eddy at 27oS.  This eddy assemblage was dominated by larvae of the anchovy 
Engraulis spp. but also comprised the larvae of coastal and reef-dwelling taxa such as the 



IMPROVED DESCRIPTIONS AND CONCEPTUAL MODELS 

WAMSI Node 1 Project Report Annexure A • 30 June, 2011 293 

Acanthurid Naso sp., ptereleotrine microdesmids (Ptereleotris sp.) and an epinephelin serranid, 
albeit in concentrations <1 larva m-2.  The distribution of these larvae up to 200 nm offshore 
demonstrates the susceptibility of larvae of coastal neritic fishes to large-scale cross-shelf 
dispersal off the WA coast in autumn-winter which is, to an extent, in response to circulation of 
the LC.   
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3.3.1 Introduction 

The continental shelf break off the Perth region of Western Australia and north for at least 
100km occurs at about 200 and between about 57 and 79 km offshore and the photic zone 
extends to about 90 m.  

A nutrient budget developed for this region (see chapter 2, Feng and Wild Allen 2007) 
suggested that in the absence of significant new nitrogen from wind driven upwelling that about 
84% of primary production occurring on the shelf was dependant on recycled sources of 
nitrogen and that benthic habitats were an important source of this recycling. 

In order to more clearly define the importance of benthic habitats in this region to productivity 
and the extent of benthic pelagic coupling, it was necessary to obtain an improved 
characterisation of benthic habitats across the shelf.  

Our approach was to determine the distribution of habitat types across the depth gradient and in 
doing so to explore ways of improving the ability to characterise the distribution and area of 
these habitats using multibeam acoustic profiling.  

We also needed to determine the importance of each of these habitat types to primary and 
secondary production, consumption and nutrient storage and recycling. 

We also characterised the patterns of productivity of benthic micro and macroalgae and 
measured the filtration rates of sponges and ascidians in order to help resolve the importance 
and contribution of these taxa to bentho-pelagic coupling. This study was also the first to find 
photosynthetic cyanobacteria in deepwater sponges and we explored the patterns of this 
occurrence with depth and documented which species were involved and considered the 
ecological importance of this finding. 

Lastly we used the findings of the study to scale up for a shelf scale representation of habitats, 
biomass distribution and productivity estimates and a revised nutrient budget taking into 
account improved estimates of benthic primary production and we discuss the importance of 
benthic – pelagic coupling for recycling nitrogen on the continental shelf . 
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3.3.2 Methods 

The study was focused on a sample belt transect of the continental shelf to 200 m encompassing 
a section of the Marmion Marine Park between Burns Beach and Hillarys and seaward for 70 
km to 200 m (see Figure 3.157). Actual sampling only took place out to 150m and assumed that 
the benthos from 150m to 200m did not differ. Detailed descriptions of methods are given in 
each of the sections below. 

 

 

 

  
Figure 3.157. Sampling domain for the 1 st leg of the May/June 2007 Southern Surveyor voyage. 

3.3.3 Habitat characterisation and benthic biomass on the continental 
shelf 

Benthic Habitats inshore of 30 m depth 

These habitats have been well mapped (Figure 3.158) and we used this information, data 
collected in SRFME (Keesing et al. 2006) and new data (see Section 1 of this chapter) to 
characterise those habitats. 
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Figure 3.158. Habitat map courtesy of WA Dept of Env ironment and Conservation. Green is 
seagrass, Yellow is sand habitat, Light pink is alga l dominated low relief reef, Dark Pink is high 
relief algal dominated reef, Red is intertidal or s upratidal reef. 

Benthic Habitats from 30 – 150 m  

Benthic surveys were performed over two transects near Perth at 31.71ºS and 31.76ºS from 
115.63ºE to 115.15ºE with stations at depths of 30, 40, 50, 75, 100 and 150m (Figure 3.157) 
from aboard the RV Southern Surveyor in May 2007. Acoustic swath mapping (SIMRAD 
EM300) of the sea-bed was conducted during the entire voyage; at each of the 12 study sites, 
benthic sled dredges, sediment grabs, benthic video and CTD casts were completed. Thirteen 
sleds comprised 6 over hard sediment (from 30-75m depth) and 7 over soft sediment (from 40-
150m depth); 40 sediment grabs and thirteen CTD casts were executed. Thirteen videos were 
captured- 1 at each station of 30, 40 and 150m depth and 2 continuous tows from 50-100m 
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depth. Extra videos were also performed between 35-50m depth to target a range of habitat 
heterogeneity identified from the swath imagery. 

3.3.4 Determination of benthic habitat type using a nalysis of acoustic 
backscatter data 

During this entire voyage, acoustic swath mapping of the sea-bed was collected as 89 tracks by 
a Simrad EM 300 135-beam echo sounder, with swath coverage of 150º, covering a depth range 
of 30 to 180 m. Results of the technique were used to aid the positioning of operations during 
the voyage and have been useful in GIS mapping of these operations, as seen in Figure 3.159. 

   

 
 

  

 
Figure 3.159. Example of GIS mapping of voyage operat ions over acoustic swath map image. 

Multibeam backscatter collected during the voyage is being used to separate and identify 
benthic habitat types. Work has focused on backscatter tracks with corresponding video of 
the benthos to determine a relationship between backscatter data and sea-bed type as seen 
on the video (Figure 3.160). 
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Figure 3.160. Descriptions applied to a video track  (black line) overlaid on backscatter 
information. 
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Backscatter Image 

The resulting multibeam backscatter data can be displayed as an image which shows 
contrasting light and dark segments (see Figure 3.161). 

 
 

 

 
 
 

 
 

 
Figure 3.161. Backscatter image of a multibeam trac k showing contrasting light and dark 
sections. 

Canonical variate analysis (CVA) of contiguous segments 

For the analyses reported here, the backscatter data have been interpolated to a constant set of 
incidence angles using linear interpolation. In order to examine the similarities and differences 
between the backscatter responses, and their corresponding benthic types, the multibeam tracks 
were divided into contiguous segments of 100 pings. At this size, the majority of segments will 
be homogeneous in grey level and texture. Canonical variate analysis is used to find linear 
combinations of the backscatter data at each angle which best separate the segments, relative to 
the variation within each segment, providing a clustering of the data. The linear combination 
providing maximum separation is referred to as CV1, and the next best as CV2. 
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Figure 3.162 (left) shows the results of the analysis for all pings in the backscatter image in 
Figure 3.161 and the resulting mean CV scores for each of the 100-ping segments (as defined in 
Figure 3.161 are plotted in Figure 3.162 (right). There is clear separation along the CV1 axis, 
with segments on the left of the plot (i.e. lower CV1 scores) corresponding to lighter-coloured 
responses in the backscatter image of Figure 3.161 and segments on the right (i.e. higher CV1 
scores) being the darker-coloured areas.  

 

 CV
CV
1 

CV CV

 
Figure 3.162. Plot of canonical variate scores for e ach ping (left) and plot of canonical variate 
segment means (right). 

Identifying the CV classes 

These plots can be examined further using benthic video footage of the corresponding location 
of the multibeam data. For the data shown in the backscatter image in Figure 3.161, there is 
video coverage from ping 3020 to ping 5140; the CV scores for this portion of the multibeam 
track are shown in Figure 3.163. We focused on the video for portions of the plots in which the 
CV scores remain “flat” for a reasonable period, as these are likely to indicate habitats which 
are homogenous within the limits of the multibeam differentiation. Regions of the plot which 
are “sloping” may indicate transitions between habitat types. 

The video shows that the light grey ping segments in Figure 3.161 which plot with low CV1 
scores of 21-23 in Figure 3.163 are hard-substrate habitats ranging from bare rock to dense 
filter-feeder or algal communities covering a hard substrate. Segments which are dark-coloured 
and plot with high CV1 scores of 32-34 in Figure 3.162 are shown to be sandy habitats (Figure 
3.163). 

The CV2 scores further define the benthos type. Video from hard benthos sites with low CV2 
scores of 8-10 (Figure 3.163) shows areas of dense filter-feeder or algal populations, while 
higher CV2 scores of 12-14 correspond to habitats of sparse vegetation or animals. 
Additionally, the video shows that sandy sites with long dominant ripples correspond to ping 
segments with low CV2 scores of 11-13, and sandy sites with fine diffuse ripples relate to 
multibeam data with high CV2 scores of 14-16. This interpretation has been shown to hold over 
a number of tracks examined thus far.  

In summary, the CV plots showed patterns relating to the two axes: separation of sand and 
hard-substrate habitats along the first canonical variate; and for the hard benthos, decreasing 
CV2 scores are associated with increasing vegetative or faunal cover, while for the sandy areas 
decreasing CV2 scores are associated with increasing ripple definition. 
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Areas that appeared to be sand on the video but had mid-range CV scores occurred on a number 
of tracks, initially causing some confusion in extrapolating the exploratory CV plots to other 
tracks. It seems likely that these areas have only a thin layer of sand covering a hard benthos.  

 

ping 

CV  
score 

CV1 

CV2 

 
Figure 3.163. Backscatter image of the track portio n (upper panel) and CV1 and CV2 scores for 
individual pings in the multibeam track for the por tion with corresponding video footage (inset 
– CV scores for the entire multibeam track). 

These analyses resulted in a mapping of five main seabed cover types as set out in Figure 3.164. 
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A B C 

D E 

 
Figure 3.164. Seabed cover types identified. 

A. hard-bottomed areas (CV1 scores 21 – 23) with den se vegetative or faunal cover (CV2 scores 
8 – 10) such as sponge-covered rock 

B. hard-bottomed areas (CV1 scores 21 – 23) with spa rser vegetative or faunal cover (CV2 
scores 12 – 14) 

C. sandy areas (CV1 scores 32 – 34) with strong ripp les (CV2 scores 11 – 13) 

D. sandy areas (CV1 scores 32 – 34) with more diffus e ripples (CV2 scores 14 – 16) 

E. areas which appear to be sandy on the video, with  obvious ripples and some sparse cover, 
but with CV1 scores around 24 – 26  

Extrapolating beyond the video coverage 

We can then analyse the multibeam tracks which do not have corresponding video to indicate 
the likely habitat type. For example, in Figure 3.165 we can reasonably infer that the circled 
area to the left is hard benthos with sparse vegetation or fauna while that to the right is a sand 
habitat with well-defined ripples. Application of the approach will allow for large-scale 
analysis of benthic habitats, aiding in site selection, calculation of the size and proportions of 
particular habitats types within a region, and accurate habitat mapping. 

In this chapter we have used this method to determine the proportion of coverage of different 
habitat types across the area surveyed using acoustic multibeam (Figure 3.157).  The results of 
this habitat characterisation have been used to enable an estimation of biomass in each habitat 
type across the depth range surveyed (see later in this chapter). 
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Figure 3.165. Scores for CV1 and CV2 for individual pi ngs in the beginning of the multibeam 
track (inset – CV scores for the entire multibeam tr ack). 

Further advancement in backscatter analysis for habitat characterisation 

Backscatter analysis offers significantly greater potential for benthic habitat characterisation 
and mapping than realised here. Further examples of the development of this work undertaken 
in this project are summarised here but warrant publication elsewhere. 

Canonical Variate Analysis using Contiguous Segments of Multibeam Data 

A desirable feature of the CVA approach is that it produces linear combinations of the input 
variables which can then be displayed and analysed in a lower number of dimensions, for 
example by plotting the CV scores against ping number and/or eastings and northings. 

 

Key Findings: 

Habitat assessment using canonical variate analysis of backscatter data, ground 
truthed with tow video confirmed the ability to discriminate between five habitat 
classes on the basis of acoustic backscatter surveys: 

• hard-bottomed areas with dense vegetative or faunal cover such as sponge-
covered rock 

• hard-bottomed areas with sparser vegetative or faunal cover 

• sandy areas with strong ripples 

• sandy areas with more diffuse ripples 

• sandy areas overlaying hard bottom (areas which appear to be sandy on the 
video, with obvious ripples and some sparse cover) 
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Since the usual CVA approach can be somewhat time-consuming, a simpler approach is 
proposed here: the training classes are taken as contiguous segments of pings. 

The multibeam backscatter data used to develop this method were collected over the Recherché 
Archipelago region, off the coast of Esperance, Western Australia, By Fugro Survey using a 
Reson Seabat 8125 240-beam echo sounder. The track analysed here is characterised by a 
mixture of sand and rhodolith.  

For these analyses, the backscatter data have been interpolated to a constant set of incidence 
angles using linear interpolation. The resulting multibeam backscatter data are displayed in 
Figure 3.166. 

 

 
Figure 3.166. Grey-level image of backscatter data showing the total line (left), and four parts -- 
the right-most image shows 100-ping segments for th e 3rd part. 

Canonical variate analysis (CVA) on contiguous segments 

Canonical variate analysis is used to find linear combinations of the backscatter data at each 
angle which best separate the segments, relative to the variation within each segment. The 
linear combination providing maximum separation is referred to as CV1, and the next best as 
CV2. 

Figure 3.167 shows plots of the canonical variate scores for CVAs based on training classes of 
different numbers of contiguous pings.  

The main clusters and patterns are very similar in all four plots in Figure 3.167. Analyses of a 
number of data sets have shown similar results: the patterns of the between-group differences 
are consistent for training classes ranging in size from 10 contiguous pings to 100 contiguous 
pings. 
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Figure 3.167. Plots of canonical variate scores for a CVA based on training classes of groups of 
(a) 10 contiguous pings; (b) 20 contiguous pings; ( c) 50 contiguous pings; and (d) 100 
contiguous pings -- the canonical variate scores in  all four plots are colour-coded for the same 
contiguous segments of 100 pings. 

Identifying homogeneous segments 

A graphical approach can be adopted to identify those sequences of pings which are 
homogeneous.  

The main steps are as follows: 

• calculate the standard deviations for each angle for each of the contiguous ping segments 

• for each angle in turn, make a quantile - quantile (Q-Q) plot of the ordered logs of the 
standard deviations against Gaussian quantiles – the plots will be approximately linear 
for the homogeneous segments, and will have similar slope, while the more 
heterogeneous segments will show a distinct departure from the linear trend (see Figure 
3.168(b)) 

• determine a homogeneous-level threshold from the upper limit of the linear segment of 
the plots 
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The plots in Figure 3.168 are clearly linear for much of the data; there are also obvious 
departures from linearity, especially in Figure 3.168(b). 

 
Figure 3.168. Gaussian Q-Q plots of ordered log sta ndard deviations for segments of 10 
contiguous pings against Gaussian quantiles for (a)  angle   -55o and (b) angle 55o. 

CVA on homogeneous contiguous segments 

The Q-Q plots can be used to eliminate those segments that are heterogeneous, and a CVA re-
run on only those contiguous segments of pings which are homogeneous according to some 
threshold value of the standard deviations.  

Figure 3.169 shows plots of the canonical variate scores for all pings for CVAs based on 
different numbers of training classes (all of 10 contiguous pings), selected according to 
different thresholds for the standard deviations. 

The main clusters and patterns are similar in all four plots in Figure 3.169, and are very similar 
to the plots in Figure 3.167. 
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Figure 3.169. Plots of canonical variate scores for a CVA based on training classes of groups of 
10 contiguous pings (a) using all pings; (b) which have homogeneous standard deviations 
(SDs) < 2.25; (c) which have homogeneous SDs < 2.75; and (d) which have homogeneous SDs < 
3.375 -- the canonical variate scores are colour-co ded for contiguous segments of 100 pings. 

Extensive experience with the approach suggests that basing a CVA on training classes defined 
by contiguous segments of pings gives similar ordinations to those based on a more careful 
selection of training classes. For the data sets examined to date, where a fair proportion of the 
image consists of visually uniform areas, the resulting ordinations are relatively insensitive to 
the number of contiguous pings in the segments defining the training classes, and also to the 
number of homogeneous segments retained in the analysis. 

Ideally, the training classes should all be reasonably homogeneous. However, the results shown 
here, and considerable experience with the approach, suggests that when some of the training 
classes are more heterogeneous than is desirable statistically, the relative positions of the 
homogeneous classes in the ordinations are still consistent, while the individual ping scores for 
the more heterogeneous classes plot with those clusters of scores representing their respective 
homogeneous classes. 
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Distinguishing between Benthic Classes – Full-Ping vs Moving-Window 
Separation  

This analysis focuses on the degree of separation between sand and hard-bottom sites, and 
within the latter, between hard bare sites and sponge-covered sites. The multibeam backscatter 
data were collected off the coast of Perth, Western Australia, using a Simrad EM300 135-beam 
echo sounder. The tracks analysed here are characterised by a mixture of sand and hard 
benthos. For these analyses, the backscatter data have been interpolated to a constant set of 
incidence angles using linear interpolation. 

Canonical variate analysis (CVA) on contiguous segments 

As before the plots of CV scores (see, e.g., Figure 3.170) were examined in conjunction with 
benthic video footage of the corresponding location of the multibeam data. 

 

 
Figure 3.170. Above: backscatter image of the track  portion; Below: CV1 and CV2 scores for 
individual pings in the multibeam track for a porti on with corresponding video footage; inset – 
CV scores for the entire multibeam track with lines indicating the zoomed areas 

Interpreting the CV plots 

Parts of the CV index plots in which the CV scores remain “flat” for a reasonable period are 
likely to indicate habitats which are homogeneous within the limits of the multibeam 
differentiation. 

Segments which plot with low CV1 scores of 21-23 in Figure 3.170 were found to be habitats 
ranging from bare rock to dense filter-feeder or algal communities covering a hard substrate. 
Segments which plot with high CV1 scores of 32 - 34 in Figure 3.170 were found to be sandy 
habitats. 
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Video from hard-benthos sites with low CV2 scores of 8 - 10 (Figure 3.170) showed areas of 
dense filter-feeder or algal populations, while higher CV2 scores of 12-14 corresponded to 
habitats of sparse vegetation or animals.  

Backscatter – incidence angle mean profiles  

Figure 3.171 shows typical profile plots of backscatter – incidence angle (BS – IA) mean 
curves for five seabed cover types. 

 

 
Figure 3.171. Plots of BS – IA  means for (a) hard, “ rubble” and small rocks; (b) sponges; (c) 
rippled “hard” sand; (d) soft sand – large ripples;  and (e) soft sand – diffuse ripples. 

Figure 3.168(a) and (b) show that there are only subtle differences in the BS – IA curves for 
hard bare areas and dense sponge-covered areas. 

Analyses of a number of multibeam data sets collected by CSIRO, Fugro and Curtin University, 
and plots in published papers (such as Figure 3.168 in Y. Le Gonidec, G. Lamarche and I. C. 
Wright, 2003, “Inhomogeneous substrate analysis using EM300 backscatter imagery”, in 
Marine Geophysical Researches, v24, pp 311 – 327) suggest that a typical band of variability 
for a homogeneous area is 3 – 4.5 dB. 

The backscatter values for the sponge-covered sites overlap considerably with the backscatter 
values for the barer hard-bottom sites at any one incidence angle. 
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The subtle separation between the sponge-covered sites and the barer hard-bottom sites is due 
to the overall differences in the shapes of the BS – IA curves over part or all of the range from 
30o to 65o, as reflected in the obvious differences in “slopes” (see Figure 3.172).  

 

 
Figure 3.172. Profile plots of BS – IA means for hard -bottom sites with “rubble” and small rocks 
(top curve at 60 o); sponges (middle curve at 60 o); and soft sand with large ripples (bottom curve 
at 60o) 

Separation provided by subsets of angles 

The canonical roots for the second CV, f2, in Table 3.37 indicate that there is some separation 
along CV2 (which effects separation between the bare hard-bottom and the sponge-covered 
areas) for a 30o and 40o range spanning the cross-over at 50o, but little or no separation for a 
10o or 20o range spanning the cross-over. 
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Table 3.37.Separation provided by subsets of angles.  

range of incidence angles f1 f2 

-65o to 65o  10.37 1.77 

-65o to 0o 6.18 1.18 

-65o to -25o 5.91 0.98 

-65o to -35o 5.53 0.89 

-65o to -40o 4.91 0.56 

-55o to -35o 5.38 0.29 

-65o to -55o 3.06 0.21 

-55o to -45o 4.09 0.16 

-45o to -35o 4.26 0.05 

-35o to -25o 2.96 0.04 

The plots of CV2 scores in Figure 3.173 show that while the dip in CV2 scores is clearly 
evident at ping 3500 for the CV analyses which include all angles from 0o to 65o, it becomes 
less apparent as the number of angles is reduced. 
 

  
Figure 3.173. CV2 scores for an entire multibeam tra ck for a CVA based on angles from (a) -65 o 
to 65 o; (b) 0  o to 65  o; and (c) 35  o to 65 o 
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3.3.5 Towed Benthic Videos and Habitat Structure 

The series of towed videos ranged from a distance of 470m to 5.9km, with a total distance of 
32.5km of benthic footage, Figure 3.174 demonstrates the depths of video captured. The 
footage was manually described into 15 categories based on sea-bed type and associated plants 
and animals and their densities. Analysis revealed a great variety of habitat types between the 
depths of 30-110m while the benthos at 150m was constant and remained as its own sea-bed 
category due to different features to shallower depths. For simplicity these 15 categories were 
pooled into 9 broad categories (Table 3.38): 

1.  Bare Sand ± Sparse Algae 

2. Seagrass 

3. Flat Fine Sediment, Sparse Filter Feeders 

4. Bare Hard Substrate ± Sparse Algae 

5. Patchy Sand & Hard Substrate (Varying Size Algae ± Filter Feeders) 

6. Hard Substrate, Low-Med Density Low Algae, Low-Med Density Filter Feeders 

7. Hard Substrate, High Density Low Algae 

8. Hard Substrate, Med- High Density Large Algae (primarily Ecklonia) 

9. Hard Substrate, Dense Sponges 

Key Findings: 

There are clear differences in both position and shape for the BS – IA curves from 
hard-bottom and sandy areas – separation can be affected by the backscatter response 
at one or a few angles. The backscatter values for the sponge-covered sites overlap 
considerably with the backscatter values for the barer hard-bottom sites at any one 
incidence angle. There are only subtle differences in the BS – IA plots for hard bare 
and dense sponge-covered areas. The overall differences in the shapes of the BS – IA 
curves over much of the range from 25 o to 65 o effect the class separation (in 
particular, the curves cross over at around 50o). Distinguishing classes within the hard-
bottom areas will not be successful if only one or a few angles are used. Such 
differences as do exist may well be overlooked, unless the analyses are based on 
homogeneous patches that cover most or all of the backscatter – incidence angle curve. 
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Figure 3.174. Bathymetry cross section of voyage tr ansect and approximate depths of towed 
benthic videos. 

Table 3.38 displays the broad habitat categories observed on videos. These broad categories can 
be further pooled into sand, reef and patchy habitat types, with the latter referring to areas 
where both sand and hard substrate are present in very small alternating areas. Analysis has 
revealed an overall estimate of 51% sand, 31% reef and 18% patchy substrate between 30-
110m depth. Perhaps if we make the large assumption that these highly patchy areas are 50% 
sand and 50% reef then we have overall estimates of 60% sand and 40% reef over this depth 
range. 
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Table 3.38 . Percentage of Habitat Types Present on  Towed Videos (averaged across depth ranges). 

Depth  
(m) 

Bare Sand 
± Sparse 
Algae 

Seagrass 

Flat Fine 
Sediment, 
Sparse 
Filter 
Feeders 

Bare Hard 
Substrate  
± Sparse 
Algae 

Patchy Sand & 
Hard Substrate 
(Varying Size 
Algae ± Filter 
Feeders) 

Hard 
Substrate, 
Low-Med 
Density Low 
Algae, Low-
Med Density 
Filter 
Feeders 

Hard 
Substrate, 
High Density 
Low Algae 

Hard Substrate, 
Med- High 
Density Large 
Algae 
(primarily 
Ecklonia) 

Hard 
Substrate, 
Dense 
Sponges 

30-39 47.9 1.6 - - 48.7 1.4 - - 0.4 

40-49 57.0 - - 3.1 9.6 0.5 3.6 9.6 16.6 

50-74 13.9 - - 36.8 3.1 6.3 - 30.2 9.8 

75-99 20.6 - - 14.9 10.1 7.7 9.8 5.7 31.2 

100-
110 

93.4 - - - 4.7 - - - 1.9 

140-
150 

- - 100.0 - - - - - - 
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Figure 3.175 illustrates the importance of determining the benthos of the area covered by the 
Southern Surveyor voyage. While we know the habitat from the coast to 20m depth which falls 
within Marmion Marine Park, this is only about 10% of the area of the photic zone (to about 90 
m). The towed video work has allowed us to fill in habitat composition of the deeper areas. 
Combination of this habitat characterisation with biomass estimates and the functional role of 
animals and plants in these deepwater or “mesotrophic” regions (see later) emphasise the 
importance of characterising areas for which little is known.  

 
Figure 3.175. Marmion shelf scale domain illustrati ng proportions of shelf area (in red) and 
proportions of benthic type in each depth range (in  black). Benthic type to 30m depth calculated 
from Marmion Marine Park Habitat Map, CALM (2002) Ma p base is AUS754 Navigation Chart 
(Commonwealth of Australia 2002). 

In summary, the continental shelf scale habitat of south-western Australia can be described as 
having four key zones:  

1. a narrow nearshore section (ca. 6 km wide) to about 20m characterised by limestone algal 
dominated reefs (ca. 42% coverage), seagrass habitats, patchy in places, more extensive 
in others (ca. 11%) and sandy soft sediment habitats, interspersed patchily between the 
other habitats and as extensive homogenous habitats (ca. 47%) 

2. an extensive gently sloping section 20-50m deep (ca. 40 km wide) characterised by large 
sections of sandy habitat (53%) and patchy reef (27%), some large areas reef (19%) 
and small patches of seagrass (1%) 

3. a steeply sloping section between 50 and 100m (ca. 4km wide) of predominantly hard 
reef (45%) and patchy reef (6%) and sandy substrate (49%) 

4. a deep and gently sloping section beyond 100m out to about 200m (averaging 15km 
wide) comprising sand and silt habitat 
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3.3.6 Benthic Biomass Estimates 30-150 m 

In order to characterise the plant and animal communities of shelf-scale benthic habitats, a large 
heavy epibenthic sled, 1.2m wide, was used to dredge the sea-bed at each of the stations; 
retrieved samples were photographed, identified, catalogued, counted and weighed.  

Animals 

The average densities of animals at each depth recovered by sled dredge are given in Figure 
3.176. The overall average animal density for hard bottom habitats was 0.55.m-2 and for soft 
substrata was 1.02.m-2. The density at 150m is attributed to one sled with large numbers of very 
small sponges. This sled is also responsible for the increased density of sponges average for all 
sled dredges (Figure 3.177). Excluding this sample, the average density of sponges for the other 
6 sleds on soft sediment was 0.041.m-2. The densities of all animals captured by the sled dredge 
remain low (Figure 3.177). Those animals grouped as “other”, consisted largely of 
echinoderms, molluscs, polycheaetes and crustaceans.  

 

Key Findings:  
The continental shelf scale habitat of south-western Australia can be described as 
having four key zones:  
1. a narrow nearshore section to about 20m characterised by limestone algal 
dominated reefs, seagrass and habitats. 
2. an extensive gently sloping section 20-50m deep characterised by large sections of 
sandy habitat and patchy reef 
3. a steeply sloping section from 50 -100 m dominated by reef 
4. a gently sloping fine sand/silty habitat beyond 100m  
 
Among these four zones, 9 key benthic habitat types characterise the patchiness and/or 
dominance of the habitats and the benthic flora and fauna they support. 
 
The well described shallow water areas of this coastline comprise less than 10% of the 
area of benthos in the photic zone. 
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Figure 3.176. Average total animal densities for sl ed dredges from leg 1 of Southern Surveyor 
2007-04. 
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Figure 3.177. Average density of animal types recov ered by sled dredge. 

Average total animal biomass is shown in Figure 3.178 for sled dredges over hard and soft 
sediment at specific depths. The overall average for hard sea-bed areas from 30-75m was 
121.0g.m-2, for soft sediment at 40 and 100m was 0.8 g.m-2 and for the deeper 150m sites was 
43.9 g.m-2.  
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Figure 3.178. Average total animal biomass for sled  dredges from leg 1 of Southern Surveyor 
2007-04. 

Sponges were the dominant biomass of sled samples over both hard and soft sediment, and the 
biomass of all animal types was greater for hard sea-bed habitats (Figure 3.179).  
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Figure 3.179. Average biomass of animal types recov ered by sled dredge. 

Plants 

Average total plant biomass is given in Figure 3.180 for sled dredges over hard and soft 
sediment at specific depths, not shown on the figure are the sled over hard substrate at 75m and 
two over soft sediment at 150m, all of which had no plant material. The overall average for 
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hard sea-bed areas from 30-75m was 152.1g.m-2, for soft sediment at 40 and 100m was 0.03g.m-

2 and for the deep 150m sites was 0g.m-2.  
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Figure 3.180. Average total plant biomass for sled dredges from leg 1 of Southern Surveyor 
2007-04. 

The kelp Ecklonia dominated hard substrate sled samples by an order of magnitude, this was 
due to the large biomass retrieved on both sleds at 50m (Figure 3.181). 
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Figure 3.181. Average biomass of plant categories r ecovered by sled dredge. 
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3.3.7 Role of Key Functional Groups 30-150 m 

Benthic Microalgae 

One outcome from SRFME has been an increased emphasis upon shelf processes on the cycling 
of nutrients. Portions of the WA coast have a relatively wide continental shelf with a large area 
of soft bottom sediments capable of supporting communities of benthic microalgae (BMA). The 
BMA in these sediments contribute to food webs, and play an important role in the nutrient 
cycling of coastal ecosystems worldwide but the role of BMA in nutrient cycling and primary 
production for the west coast of Australia is largely unknown.  Worldwide there have only been 
~ 85 studies of BMA and none of these have ever determined the depth at which BMA primary 
production reaches zero (Cahoon 1999). In fact only a handful of measurements exist at depths 
> 60 m.  

The research voyage (SS04/2007) departed Fremantle, WA at 1600hrs, Thursday, 10 May  
2007. The first 5 days of scientific investigation were a benthic survey of the shallow (30 – 150 
m) bottom habitats off Perth (Figure 3.157). The benthic survey included high resolution 
‘swath’ mapping, underwater video surveys of the bottom, benthic sampling by sledges and 
grabs with 12 ctd casts and associated water column sampling. The remaining 23 days of the 
research voyage involved mostly water column sampling from 34°S to 22°S with benthic grabs 
on the inshore legs of most transects (Figure 3.182).   

Key Findings:  
• Kelp (Ecklonia radiata) dominates the deep water benthic plant biomass 
• Hard bottom habitats around 50m depth have very high algal biomass  
• Sponges have the highest biomass on deepwater hard bottom substrates 

exceeding the biomass of other taxa by almost an order of magnitude 
• Soft bottom habitats beyond 100m also have a high filter feeder biomass 

predominantly sponges and bryozoa. 
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Figure 3.182. Map showing cruise track and sample l ocations ( ■) for benthic microalgae.  

BMA samples were collected using a Smith MacIntyre grab at depths from 28 to 140 m. 
Samples were only used if a visual inspection indicated a largely intact sample had been 
collected. The grab allowed some of the overlying water to escape during recovery and may 
have dislodged any unattached cells on the surface (e.g. sedimented phytoplankton).  Once on 
deck the grab sample was cored by hand. Cores for flux incubations were sealed at the bottom 
with overlying water retained on top.  At each site a conductivity, temperature and depth (CTD) 
cast using a Seabird SBE 911 dual conductivity (practical salinity units = PSU), temperature 
(°C), fluorescence was measured with a Chelsea Aquatracka™ fluorometer and a Licor LI-
192SA sensor was used for photosynthetically active radiation (PAR) while multiple depths 
sampled for nutrients.  Continuous underway data included PAR collected by a Licor LI-192SA 
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sensor attached to the mast head.   Samples were analysed for nitrate, nitrite, silicate and 
phosphate concentrations using Quick-Chem™ methods on a flow injection LACHAT® 
instrument as per the following protocols for nitrate and/or nitrite (Quik-Chem™ Method 31-
107-04-1-A; detection limit ~0.03 µM; adapted from Wood et al. 1967), silicon (Quik-Chem™ 
Method 31-114-27-1-D; detection limit ~0.05 µM; adapted from Murphy and Riley 1962) and 
phosphate (Quik-Chem™ Method 31-115-01-1-G; detection limit ~0.02 µM; adapted from 
Armstrong 1951). Samples were analysed for ammonium on the LACHAT® instrument using 
the technique of Kerouel and Aminot (1997) adapted for flow injection by Watson et al. (2004), 
detect limit ~ 0.05 µM.  

Material for pigment analysis was taken from the same grab samples used for nutrient, oxygen 
fluxes and PAM measurements. The top 4mm of the sediment surface was removed for pigment 
analysis by HPLC analysis. These were immediately preserved in liquid nitrogen. The top 20 
mm was removed for pigment analysis by fluorometry.  These samples were immediately 
extracted in 100% acetone in the dark at 4°C  ~ 24 h before analysis on the calibrated Turner 
Designs model 10AU™ fluorometer.   For HPLC analysis sediments were extracted twice in 
100% acetone at 4°C, firstly for 18 hours and then for 4 hours. Following extraction, water was 
added to give a ratio of 9:1 acetone:water by volume, and filtered (0.2µm membrane filter; 
Whatman Anatop, Whatman plc, Brentford, UK) before analysis by HPLC. The analysis was 
by a Waters high performance liquid chromatography (Waters Corporation, Milford MA, 
USA), comprising a model 600 controller, 717 plus refrigerated auto-sampler, and a 996 
photodiode array detector. Pigments were separated as described by (Wright, Jeffrey et al. 
1991), detected at 436 nm, and identified against standard spectra. Concentrations of 
chlorophyll a (chla), chlorophyll b (chlb), β,β carotene, and β,ε carotene in sample 
chromatograms were determined from standards, and all other pigment concentrations were 
determined from standards of purified pigments isolated from algal cultures. Information for the 
assignment of microalgal marker pigments was drawn from Jeffrey et al. (1997).  

Fluorescence parameters of BMA communities were measured in cores with a Phyto PAM 
multi-channel fluorometer (Heinz Walz GmbH, Effeltrich, Germany) fitted with a Phyto-EDF 
fibre-optic attachment, designed for use on biofilms.  After collection cores were allowed to re-
equilibrate for several hours at in situ temperatures and in the dark prior to measuring 
photosynthetic parameters using the PAM. Microalgal cultures from the CSIRO Collection of 
Living Microalgae were used to calibrate the taxonomic discrimination of the measuring 
software (Phyto Win v1.46, Heinz Walz GmbH, J. Kolbowski). The cultures used were- brown: 
Navicula jeffreyi (CS-46), green: Dunaliella sp. (CS-353), blue-green: Oscillatoria sp. (CS-52). 
Given the reference spectra used in the Phyto PAM, “browns” are approximately equivalent to 
any species with chlorophyll c (referred to hereafter as browns) greens would contain 
chlorophyll b (= “greens”) and cyanobacteria would contain zeaxanthin (“blue-greens”). Fo (the 
initial minimal fluorescence yield) was measured at 25 Hz; all fluorescence terminology is 
consistent with Buchel and Wilhelm (1993). Saturating irradiance pulses were applied and then 
a series of pulsed illuminations provided estimates of relative electron transport rates which 
were used to construct rapid light curves and fit to the model of Eilers and Peeters (1988) to 
estimate photosynthetic parameters Ik, ETRmax (maximum electron transport rate) and alpha (α = 
initial slope of irradiance vs ETR curve). The parameter ∆F is defined as the difference 
between the fluorescence yield from a saturating pulse (maximum yield, Fm) and the yield (F) 
from the measuring level of irradiance i.e.:   

∆F = (Fm – F) 

Visual inspection suggested the sampled cores ranged from undisturbed to moderately mixed. 
We therefore suggest that greater than normal variability may be present in the data with a 
possible negative bias in the results for BMA biomass and production. Pigment biomass (0 – 
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20mm) was a negative exponential function of depth (Figure 3.183) but with considerable 
scatter. Work is underway to include a greater range of near shore data from SRFME into these 
analyses with the hope reducing the variability. Small scale variability, however, is a well know 
feature of BMA and a well estimated mean value is likely to be the most useful parameter for 
biogeochemical modelling.   

Estimated concentrations of chlorophyll a at zero depth (shore) were ~ 54 mg m-2, somewhat 
below those values observed in Cockburn Sound (Forehead 2006). BMA samples over 0 – 4 
mm and analysed by HPLC tended to have less pigment than those from 0 – 20 mm (Figure 
3.183). Both 0 – 20 and 0 – 4 mm samples declined exponentially with depth reaching very low 
concentrations ~ 95m. The irradiance also declined exponentially with depth reaching ~ 0.9 
µmoles photons m-2 s-1 at 95 meters (Figure 3.183).  We suggest 95 meters and ~ 0.9 µmoles 
photons m-2 s-1 represent the maximum depth of net positive growth for BMA if using light as 
the sole energy source.  
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Figure 3.183. Upper panel shows benthic microalgal (BMA) biomass (y-axis, left side) as a 
function of water depth for 0 – 20 mm cores measure d by fluorometry and 0 – 4mm cores 
measured by HPLC.  Both data sets are fit to exponen tial decay curves: y d =  y0 e

-bd  where y d = 
BMA biomass at depth (d), y 0 = BMA biomass at zero depth, b is a constant and d is depth.  
From the light versus depth data collected during C TD casts in this region the attenuation 
coefficients were calculated: E d = E0e

-kd where E d = light at depth (d), E 0 = light just below the 
surface,  k = the attenuation coefficient and d = depth.  Attenuation coefficients ranged from 
0.14 to 0.055 m -1.   

In the middle portion of the continental shelf (30 – 60m) diatoms comprised about 80% of the 
BMA biomass (Figure 3.184). This result is consistent with many other studies on the 
community composition of BMA, albeit most published studies have sampled at much 
shallower depths. Only at depths > 60m did other pigments increase their proportional 
contribution in a major way. At ~ 90m chlorophyll b increased as a proportion of chlorophyll a 
suggesting relatively more chlorophytes (possibly macrophyte debris or seagrass debris,Figure 
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3.184).  At 138m alloxanthin and zeaxanthin were relatively high. The increase in alloxanthin 
may represent more cryptophytes or longer retention of this pigment by zooplankton. Even 
though alloxanthin and zeaxanthin both increased at 138 m they remained minor pigments 
found primarily in relatively deep waters where the BMA biomass was very low and BMA are 
unlikely to play a significant role in the active nutrient cycling. They may represent the 
accumulation of phytoplankton cells sinking out of the water column above and thus represent a 
vertically important flux but their role as active primary producers is likely to be insignificant 
(see later).  They may also have a role in seeding phytoplankton back into the water column 
during times of strong vertical mixing. In particular the cryptophytes are known to produce a 
range of cysts for this purpose. They are also notoriously difficult to detect in samples 
preserved for microscopic examination due to their tendency to decompose.  
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Figure 3.184. Pigment data for 0 – 4 mm cores obtain ed from benthic grabs at different depths 
at sites off Perth (see inset Figure 3.182). Samples were analysed by HPLC and data processed 
through CHEMTAX (Mackay et al. 1996) to estimate comm unity composition of the BMA. 

A range of photosynthetic parameters were measured using pulse amplitude modulated (PAM) 
fluorometry.  The data all suggest that at depths > 100m the BMA are not photosynthetically 
active as both ∆F and active chlorophyll a declined to near zero as depths exceed 100 m (Figure 
3.185). At shallow depths fluorescence parameters suggest primary production was an 
exponential function of irradiance. The rate of primary production is proportional to the 
electron transport rate (ETR) and can be modelled as: 

ETR = ETRmax (1-eaE) 
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where ETR = electron transport rate, ETRmax is the maximum rate, a is a constant and E is 
irradiance. The observed data fit the model well as shown in the example (Figure 3.185) where 
r2 = 0.98.   The model output gives estimates of: 

1. alpha (α) the initial slope of the primary production versus irradiance slope,  

2. ETRmax, the maximum rate of electron transport 

3. Ik the irradiance which half saturates primary production. 

All three of these parameters varied with depth (Figure 3.185), all declining with increasing 
depth.  In particular ETRmax was a negative exponential function of depth with a very high 
correlation (r2 = 0.94) indicating that BMA primary production can be modelled from depth or 
an estimate of irradiance on the bottom.  

Simple model of benthic microalgal primary production 

A simple model to calculate benthic microalgal primary production can be represented as 
follows: 

ETR = 58.441 * exp(-0.035*depth) 

Substituting our measured primary production (PP) rate of 197.1 gC per m2 per year at 5m 
depth and corresponding ETR of 49.05871 we obtain: 

PP = ETR * 197.1/49.0587 or more usefully: 

PP = 234.79 * exp (-0.035*depth) 
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Figure 3.185. Results from PAM fluorometry for cores  collected at different depths (see Figure 
3.182 for locations). 
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Macroalgae 

Productivity measurements were conducted on a number of abundant macroalgal species 
collected from 40 – 60 m depths during the cruise.  Additionally, the diversity and biomass of 
all species collected was recorded, to allow for estimation of benthic plant biomass and 
productivity in depths >40 m.  Samples were also collected for a number of algal bioassays (e.g. 
isotopic composition, nutrient status, pigment concentration) that will allow comparison 
between deep- and shallow-water benthic plants of Marmion Lagoon. 

Measurements of the photosynthetic performance of a number of abundant macroalgal species, 
collected from 33 – 55 m depths, were conducted during the cruise.  Additionally, the diversity 
and biomass of all species collected was recorded, to allow for estimation of benthic plant 
biomass and productivity in depths >40 m.  Samples were also collected for a number of algal 
bioassays (e.g. isotopic composition, nutrient status, pigment concentration) that will allow 
comparison between deep- and shallow-water benthic plants of Marmion Lagoon. 

The photosynthetic performance of 4 brown and 3 red algal deep-water species was measured 
in terms of potential quantum yield (Fv/Fm, which indicates ‘health’ status of photosystem II) 
and electron transport rates (ETR).  Brown algae (Phaeophyta) had significantly higher yield 
values compared to red algae (Rhodophyta) (see Table 3.39 below).  The kelp, Ecklonia 
radiata, had the highest Fv/Fm of 0.80 ± 0.00 (mean ± SE) and highest ETRmax of 12.6 µmol 
electron m-2 s-1.  ETRmax and Fv/Fm related to depth (r2 = 0.03 and r2 = 0.01 respectively).   

Key Findings:  
Diatoms dominate the benthic microalgal (MBA) community 
 
The results suggest that BMA biomass may be modelled as a simple exponential decay 
function of depth or as a linear function of bottom irradiance.   
 
BMA primary production can be modelled from depth or an estimate of bottom 
irradiance according to: 
 

PP = 234.79 * exp (-0.035*depth) 
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Table 3.39. Algal species, functional form and dept h collected, Fv/Fm (mean ± SE), ETRmax ( µmol electron m -2 s-1), Ik (µmol quanta m -2 s-1), absorptance factor 
(AF), maximum noon irradiance at depth ( µmol quanta m -2 s-1) and percent surface irradiance.  

 

Species Functional form Depth (m) AF* F v/F m ETRmax                Ik

maximum 
irradiance at 

depth

% surface 
irradiance

Phaeophyta
Sargassum peronii corticated foliose 33 0.78 0.76 ± 0.00 A   8.9 ± 0.6 a 29.9 ± 1.8 A 92 4.6

Dictyopteris muelleri foliose 33 - 0.74 ± 0.01 A - - 92 4.6

Myriodesma quercifolium corticated foliose 40 0.78 0.74 ± 0.01 A   5.3 ± 0.1 b  16.9 ± 0.3 AB 48 2.4

Scytothalia dorycarpa leathery 50 0.84 0.74 ± 0.01 A   6.7 ± 0.3 c  22.1 ± 1.3 AB 19 1.0

Ecklonia radiata leathery 50 0.84 0.80 ± 0.00 B 12.6 ± 0.2 d  37.0 ± 1.2 AB 19 1.0
Rhodophyta
Osmundaria prolifera leathery 33 0.84 0.46 ± 0.02 C   3.0 ± 0.2 e  38.0 ± 6.2 AB 92 4.6

Hennedya crispa corticated foliose 55 0.57 0.56 ± 0.01 D   1.7 ± 0.1 f 45.5 ± 9.6 B 12 0.6

Callophycus costatus corticated foliose 55 0.57 0.56 ± 0.02 D   1.2 ± 0.1 f 35.5 ± 6.8 B 12 0.6
* estimated from Markager (1993), Franklin and Badger (2001), Figueroa et al (2003), Beer and Axelsson (2004)
Letters indicate significant differences among species  
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Although it is commonly thought that red algal species fare better under low light conditions 
and are more productive than brown or green species (Gail 1922, Larkum et al. 1967, Dring 
1981), the higher Fv/Fm and ETRmax of the brown species in this study suggests that in well-
mixed oligotrophic waters of Western Australia this is not the case.  The biomass of reds and 
browns was, on average, similar across depths 33 to 55 m, while greens had significantly lower 
biomass than both reds and browns (Figure 3.181).  High Fv/Fm, prolific standing stock and 
high biomass at low light intensities (<5% of surface irradiance) indicate an efficient utilisation 
of available light energy (Littler et al. 1986).  The high photosynthetic rates of the brown algae 
may also be due to greater availability of nutrients in the well-mixed waters, or reduced levels 
of herbivory and grazing, which allowed greater standing stocks to develop. 

 

Nutrient status of macroalgae 

The nutrient status of 7 red and brown macroalgal species was determined by extraction of 
soluble tissue nitrogen (N) pools from the algal tissue.  Samples were collected from deep 
waters (40 – 55 m) during the cruise, and additional shallow water (4 – 15 m) samples were 
collected immediately after the cruise.  Soluble tissue N pools are a useful bioindicator of a 
plant’s recent, short-term exposure to N availability, and as such can be used to supplement 
data on ambient seawater N levels that were collected during the cruise (Figure 3.186). 

Some species examined, such as the brown alga Sctyothalia dorycarpa and the red alga 
Hennedya crispa, exhibited increased soluble tissue N pools with increasing water depth, while 
others such as the brown algae Ecklonia radiata and Dictyopteris muelleri showed no trend 
with depth.  These differences may be due to localised nutrient availability or to physiological 
differences in the N requirements among species. 
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Figure 3.186. Soluble tissue nitrogen pools extract ed from macroalgae growing at different depths. 
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Pigment composition and concentration 

Samples for pigment composition and concentration were collected from 9 algal and 1 
seagrass species, from 33 – 55 m depths.  As with the isotopic analyses, where possible, 
matching samples were collected from shallow water plants.   

Results from pigment analyses varied among species.  Some species showed increased 
pigment concentration with depth, as would be expected in algae that are compensating for 
lower light availability.  Conversely, other species showed either no change, or decreased 
pigment concentrations with increasing depth.  This may result from light levels not falling 
below critical levels, or from the acclimation of individual species to reduced light 
availability.   

 

Role of benthic filter feeders (30-150 m) 

Sponges are ubiquitous marine organisms occurring from the extreme high latitudes to the 
tropics (Bergquist, 1978). Sponges are common in shallow water habitats where, depending 
on geography, they share the benthos with primary producers such as algae, seagrass and 
corals. However, sponges dominate the diversity and biomass of marine benthic 
environments in deeper waters (e.g. McEnnulty et al. in press; Heyward et al. 2010) at the 
lower levels of the photic zone, sometimes referred to as the mesophotic zone (Olsen and 
Kellogg 2010). Their dominance diminishes again at greater depths beyond the photic zone 
when consolidated bottom gives way to predominantly sedimentary habitats.  

In addition to being the dominant features of the benthic biostructure in the mesophotic zone 
where hard reef substrates occur, sponges are believed to play an important role in the 
ecology of the habitats they occupy. Sponges are important agents in bentho-pelagic 
coupling, filtering the products of primary and secondary production from the water column 
and shifting them into a sedentary form on the seabed. Thus where sponge biomass is high 
they comprise a significant standing stock of carbon and nitrogen at the seabed. 

Filtration rates measured in situ in shallow reefs were applied to biomass obtained from sled 
material to estimate the clearance rates of sponges and ascidians. We used conversion of 16.2 
(sponges) and 6.2 % (ascidians) (Ricciardi and Bourget, 1998) for conversion from wet 
weight to dry weight. 

Deeper areas offshore of Marmion lagoon provide a habitat for a considerable biomass of 
filter feeders. Biomass of sponges and ascidians in sled samples varied from less that 1 g of 
wet weight to a high of 850 g.m2 (Figure 3.187). 

Key Findings:  
• This work represents the first measurements of photosynthetic performance 

of deep-water algae from Western Australia 
• Important high biomass communities of deep water kelp  were found to at 

least 50m  
• The photosynthetic measurements of deepwater brown algae including the 

kelp Ecklonia at 50m water depth suggest high productivity for these species 
and their high biomass on deep reefs warrant further investigation of their 
importance. 
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Figure 3.187. Biomass of sponges and ascidians in M armion Lagoon 30 to 150 m stations. 

Comparison of biomass of all invertebrate phyla dredged revealed that sponges and ascidians 
were present in all stations that were located on hard substrate and sponges dominated in 
terms of biomass in most of them (Figure 3.188). Ascidians were important in stations 5, 28, 
58 and 83. 

 



IMPROVED DESCRIPTIONS AND CONCEPTUAL MODELS 

WAMSI Node 1 Project 1 Annexure A • 30 June, 2011 339 

 
Figure 3.188. Proportion of biomass of invertebrates  in 30 to 150 m stations. 

Figure 3.189 and Figure 3.190 below show filtration by sponges and ascidians per day based 
on 12 hours activity.  
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Figure 3.189. Daily filtration rates by sponges nea rshore (BR – turfing algae, Eck – Ecklonia 
radiata,  Sarg - Sargassum spp Edg – sand edge)  and in 30 to 150 m depth. 

 
Figure 3.190. Daily filtration rates by ascidians n earshore (BR – turfing algae, Eck – Ecklonia 
radiata,  Sarg - Sargassum spp Edg – sand edge)  and in 30 to 150 m depth. 

There is lack of published information on distribution of sponges and ascidians from deeper 
waters off the south west of Australia. Sponges and ascidians were a major element of 
benthic marine fauna in 30 to 150 m of water and sponges dominated the biomass in most 
stations. Considerable spatial variation among stations could be due to the short range 
dispersal, substrate availability, biological interactions or physical disturbance (Underwood 
et al, 1991). The filtration of both ascidians and sponges were higher nearshore than offshore. 
This stems purely from the difference in biomass since the same filtrations per gram of 
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weight were applied. The variability in filtration was also much higher offshore than inshore. 
This was due to fewer sites sampled offshore than inshore where 38 sites were sampled in 
each habitat: turfing algae, Ecklonia radiata and Sargassum and 9 on the sand edge. Equally, 
it is important to note that the individual filtration rates measured inshore were highly 
variable (see chapter 3 of this report) and we used a median rate in our estimates. Sponges 
were extremely important in some deeper stations e.g. in no 63. Since sponges retain 
prokaryotic picoplankton and pelagic productivity in our system is dominated by these 
organisms therefore sponges would have important role in controlling the biomass of this size 
plankton. The importance of filter feeders in controlling phytoplankton in shallow waters off 
Western Australia has been evaluated in some places however there has been no estimation 
of filtering capacity in deeper waters.  

. 

Photosynthetic cyanobacterial symbionts in sponges 

A significant feature of sponges is the bacterial and algal symbioses they support (Taylor et 
al. 2007, Usher 2008). Sponges also commonly contain photosynthetic algal and bacterial 
symbionts of which the most common are photosynthetic cyanobacteria (Hentschel et al. 
2006, Usher 2008, Lemloh et al. 2009). These bacteria provide the sponge with energy and 
carbon in the form of photosynthates (Wilkinson 1983, Wilkinson 1987, Arillo et al. 1993) 
and secondary metabolites which are thought to prevent biofouling and deter predators 
(Unson and Falkner 1993) and Schmidt et al. (2000). Some of these bacteria are symbiotic 
nitrifying bacteria and are thought to play an important role in the biogeochemical cycle in 
coastal and shelf environments as producers of new nitrogen in the form of dissolved 
inorganic nitrogen (DIN - nitrite and nitrate) (Diaz and Ward 1997, Bayer et al. 2007, 
Mohamed et al. 2010). 

Until recently photosynthetic cyanobacterial symbionts were thought to be confined to 
oligotrophic tropical waters having evolved similar responses to this environment as 
hermatypic corals (e.g. Wilkinson 1983). Recent reports by Roberts et al. (1999) and Lemloh 
et al. (2009) have shown that significant proportions of shallow water sponges in temperate 
regions host photosynthetic cyanobacteria in symbiotic relationships and the types and 
species of cyanobacteria associated with photosynthetic sponges were recently reviewed by 
Usher (2008). The depth profile of sponges with photosynthetic symbionts has not been 
investigated, however, Wilkinson and Vacelet (1979) report the cyanosponge Chondrilla 
nucula Schmidt, 1862 at 55 m, and we have observed filamentous cyanobacteria in a Geodia 
sp. collected at 82 m at Ningaloo, in tropical Western Australia. This study sought to 
determine whether this form of symbiosis in temperate sponges extended beyond the 
shallows into deeper reefs and the mesophotic zone where sponges are the dominant 
epibenthos. 

Sampling of sponges 

Sponges were sampled between 10 and 15 May 2007 from the RV Southern Surveyor. A 
large very heavy epibenthic sled with a 1.2 m wide mouth was deployed at 13 stations at 
depths of 40 m, 50 m, 75 m, 100m and 150m (lat, long) off the Marmion region of south 

Key Findings:  
• Sponges form a high biomass on deep reefs and estimates of filtration rates 

using data collected on shallow water sponges emphasise their important role 
in bentho-pelagic coupling and should enable estimates of the incorporation 
of pelagic primary production into benthic biomass 
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Western Australia. All sampling sites were between about 10 and 50 km off shore within a 
rectangular area bounded by longitudes 115.16556o and 115.62395o East and latitudes 
31.71615 o and 31.76802 o South. The sled was towed along the seabed at slow speed for 
distances of between 181 m and 1080 m depending on the site. Sandy soft bottom sites were 
towed for longer distances, hard bottom expected to have higher biomass was towed for 
shorter distances. The distance covered by the sled was multiplied by 1.2 to obtain the area 
sampled by the sled in m2. Sponges were sorted from the biota sampled by the sled and 
weighed. Biomass of sponges was determined by dividing the weight of the sponges sampled 
by the area sampled by the sled. A random selection of sponges from each depth range was 
assessed for photosynthetic cyanobacteria. Sponges were photographed and small sections of 
sponge containing surface and internal tissues were dissected and fixed in Dimethylsulfoxide 
(DMSO) solution pH 7.5 (20% DMSO, 0.25 M Na2EDTA pH 8, NaCl to saturation) and 
frozen at -20oC. A larger sample of each sponge was fixed in 75% ethanol and retained for 
identification. 

Frozen samples were analysed via fluorescence microscopy to determine the presence, 
distribution and density of photosynthetic symbionts. Frozen sponge samples were washed 
with autoclaved sea water and cross sections were cut thinly using a double-sided razor. The 
sections were examined by fluorescence microscopy using a Leitz Diaplan microscope (Leica 
Microsystems, Germany). Blue light, using a I3 filter block (450–490 nm excitation filter and 
515 barrier filter), and green light, using a N2.1 filter block (515–560 nm excitation filter and 
590 barrier filter), were used to detect the distribution and concentration of autofluorescent 
cyanobacterial or algal pigments. Cyanobacterial and rhodophyte autofluorescence appeared 
orange-yellow using blue light due to the presence of phycobiliproteins, and were red in 
colour using green light, while algae (other than rhodophytes) appeared red in blue light. All 
samples were categorised according to a subjective analysis of the levels of autofluorescence 
from photosynthetic pigments and the categories 'low', 'medium' and 'high' were given to 
describe the densities of symbionts. Samples with no autofluorescence and ambiguous 
samples (very low autofluorescence or potential surface contamination) were deemed 
'negative'. 

Molecular analysis 

Sponges which exhibited epifluorescence were identified by classical methods and their 
symbionts sequenced where possible. To avoid surface contamination the sponge samples 
were brushed with a toothbrush and rinsed with distilled water. DNA from approximately 0.3 
g of sponge tissue preserved in DMSO was extracted using a PowerSiol DNA isolation kit 
(MoBio, Australia) as per instructions. Cyanobacterial-specific primers were used for PCR. 
The forward primer cya359F (5'-GGGGAATYTTCCGCAATGGG) and the reverse primer 
cya1459R (5'-GGTAAYGACTTCGGGCRT) were used to amplify a 1100 base pair section 
of the small subunit of ribosomal RNA (16S rDNA). PCR and Denaturing Gradient Gel 
Electrophoresis were carried out as per Lemloh et al. (2009), but PCR was performed using a 
KAPA2G Fast PCR kit (KAPA Biosystems, Australia) as per instructions. Sequencing 
reactions were performed as per Lemloh et al. (2009). Sequence similarities were found using 
Blast search tool available on the National Centre for Biotechnology Information (NCBI) 
website (http://www.ncbi.nlm.nih.gov/BLAST/), and sequence identities were analysed using 
the EMBL-EBI Emboss Water tool for DNA, website 
(http://www.ebi.ac.uk/Tools/emboss/align/index.html). 

Voucher sponge specimens preserved in 75% ethanol were identified by examining classical 
taxonomic characters including morphological, skeletal and spicule features. The sponge 
specimens have been lodged in the collections of the Western Australian Museum.  
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Sponge biomass 

Sponges were present in all but two of the epibenthic sleds in the 40 m and 100 m soft 
sediment habitats. In other sleds targeting soft bottom habitats at both those depths small 
amounts of sponges < 6 g per m2 were collected. The two sleds which targeted soft bottom 
habitat in 150 m recovered 12 – 53 g of sponges per m2. On hard bottom habitats between 30 
and 75 m, sponge biomass was high but variable (53 – 850 g per m2) and comprised 80 – 97 
% of all faunal biomass sampled (Table 3.40). 

Photosynthetic cyanobacteria epifluorescence 

Of the 48 sponges examined, 25 or 52.1 % showed evidence of symbiotic cyanobacteria 
(Table 3.41). 

Levels of symbiotic cyanobacteria were found to vary with depth. Those sponges that showed 
high levels of epifluorescence occurred only in 40 and 50 m depths. More than half the 
sponges at 75 m depth had medium levels of epifluorescence and only 2 or 22% showed no 
epifluorescence. At 150 m only 4 or 23% of sponges showed epifluorescence and these were 
at low levels (Table 3.41). 

All cyanobacterial symbionts were coccoid, and varied in size. The symbionts of Clathria 
(Thalysias) cf styloprothesis were less than 1 µm and appeared to be wrapped around the 
sponge fibres (Figure 3.191). The symbionts of Sarcotragus and Spongia sp. (Figure 3.192) 
were relatively large (around 3 µm) coccoid cells typical of Prochloron and Synechocystis.   

 

 
 
Figure 3.191. Cyanobacterial symbiont in Clathria (Thalysias) cf s tyloprothesis from 50 m. 
Scale bar = 10 µµµµm. 
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Figure 3.192. Cyanobacterial symbiont in Spongia sp. from 50 m, 97.8 % identical 16S rDNA 
sequence to a Synechocystis from an ascidian. Scale bar = 5 µµµµm. 

Sequencing of cyanobacterial symbionts 

Multiple bands were observed in the DGGE of cyanobacterial PCR product from three 
sponges, Tedania (Trachytedania) sp., Clathria (Thalysias) cf styloprothesis, and Spongia sp. 
One band in each sample had much higher staining intensity and was selected for sequencing. 
High quality cyanobacterial sequences could only be obtained for four sponge specimens, one 
at 40 m and three from 50 m, which contained high levels of cyanobacterial autofluorescence. 
These sponges were Tedania (Trachytedania) sp. which hosted Synechococcus sp., 
Sarcotragus which hosted Synechocystis sp., Clathria (Thalysias) cf styloprothesis which 
hosted Synechococcus sp., and Spongia sp., which hosted Synechocystis sp. (Table 3.42). 

The closest similarities were 98.7 % between the symbionts of Clathria (Thalysias) cf 
styloprothesis and Tedania (Trachytedania) sp. A Blast search and EMBL-EBI alignment 
shows that the symbionts of Sarcotragus  and Spongia sp. were 96.6 % identical to a 
Synechocystis symbiont sequenced from Lendenfeldia chondrodes in Palau (Genbank 
accession number AY845229, Ridley et al. 2005) and 97.8 % identical to a Synechocystis 
sequenced from an ascidian from Japan (Genbank accession number DQ357958, Muenchhoff 
et al. 2007). The symbionts of Clathria (Thalysias) cf styloprothesis (collected at 50 m) and 
Tedania (Trachytedania) sp (collected at 40 m) had sequence identities up to 99.9 % with 
free living Synechococcus species. 

Genbank accession numbers are HQ540322 (Spongia sp.), HQ540323 (Clathria (Thalysias) 
cf styloprothesis), HQ540324 (Tedania (Trachytedania) sp.) and HQ540325 (Sarcotragus).  
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Table 3.40. Biomass of sponges in g wet weight per m2 and as a percentage of the total animal biomass sa mpled at different depth stations targeting both ha rd 
and soft bottom habitats. 

 
30m 
(hard) 

40m 
(hard) 

40m 
(soft) 

50m 
(hard) 

75m 
(hard) 

100m 
(soft) 

150m 
(soft) 

replicate 
1 

66.6 
(93.4%) 

55.4 
(80.5%) 

0.003 
(3.3%) 

53.0 
(96.9%) 

70.9 
(74.8%) 

0.0 
(0%) 

52.9 
(81.5%) 

replicate 
2 

64.3 
(80.3%) 

- 0.0 (0%) 
850.0 
(92.5%) 

- 
6.2 
(80.9%) 

12.2 
(52.7%) 

replicate 
3 

- - 
0.001 
(0.9%) 

- - - - 

 

Table 3.41. Levels of photosynthetic symbionts in s ponges from different depth zones based on epifluor escent microscopy. 

Photosynthetic symbionts 
40-50m 
sled 75m sled 150m sled 

High Levels 4 0 0 
Medium Levels 6 5 0 
Low Levels 4 2 4 
None 8 2 13 
Total Sponges 22 9 17 
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Table 3.42. Sponge species, depth sampled, associat ed level of epifluorescence and results of sequenci ng. 

Sponge Identification 
WA Museum 
No. 

Depth 
(m) 

Relative 
Fluorescence Sequencing result Comments GenBank number 

       
Sarcotragus ML1 Z36311 50 High Synechocystis sp.  Prochloron like HQ540325 
Spongia (Spongia) J1 Z36312 50? High Synechocystis sp.  Prochloron like HQ540322 
Clathria (Thalysias) cf 
styloprothesis Z36315 50 High 

Synechococcus 
sp.  Large single cells  HQ540323 

Tedania (Trachytedania) ML1 Z36302 40 Medium/High 
Synechococcus 
sp.  Coccoid HQ540324 

Clathria (Thalysias) ML1 Z36303 50 High 
Synechococcus 
sp.  Coccoid  

Callyspongia (Callyspongia) 
bilamellata Z36306 75 Medium/High unsuccessful    
Monanchora SS1 Z36307 40 Medium/High unsuccessful    
Amphimedon SS1 Z36308 75 Medium unsuccessful    
Axinella SS10 Z36305 75 Medium unsuccessful    
Crella (Pytheas) ML1 Z36316 40 Medium unsuccessful    
Fibulia SS1 Z36304 40 Medium unsuccessful    
Geodia Ng1 Z36310 75 Medium unsuccessful    
Jaspis SS1 Z36313 50 Medium unsuccessful    
Asteropus SS2 Z36309 75 Medium/Low unsuccessful    
Spheciospongia cf. papillose Z36314 50 Medium/Low unsuccessful    
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We found a high proportion of photosynthetic sponges at depths of up to 75m and low levels at 150m 
depth. These data are the first record of photosynthetic cyanobacteria in temperate sponges beyond 
the shallow depths sampled by Roberts et al. (1999) (10-20 m) and Lemloh et al. (2009) (8 m).  As 
expected, there are very few, perhaps no, photosynthetic symbioses at 150 m. However, above this 
depth it appears that these symbioses are viable and relatively common. These results verify that the 
domain of photosynthetic sponges is not just tropical or hyperphotic shallow water temperate 
environments where they compete for space with other plant and animal autotrophs. Photosynthetic 
sponges are important where sponges are the dominant epibenthic organisms by biomass and seabed 
coverage; that is, hard substrate mesophotic environments.  

We found sponges dominated the biomass of both soft and hard bottom habitats between depths of 30 
and 150 m. The highest biomass recorded was 850 g wet weight per m2. Other more comprehensive 
surveys of marine benthos in this region have made the same findings about dominance of sponges in 
these depths. In a recent survey in south -western Australia where 172 stations were sampled by 
epibenthic sled along 2050 kilometres of the western continental margin at depths of 85 to 1584 m, 
sponges dominated the collection by biomass, comprising 86% of the total catch (wet weight) 
(McEnnulty et al. in press). In north-western Australia Heyward et al. (2010) found high species 
diversity and biomass of sponges in depths of 18 to 102 m. In eastern Australia, Roberts and Davis 
(1996) surveyed depths of 20, 30 and 50 m and found sponge cover typically of 32, 10 and 12 % 
respectively at these depths, but diversity was highest at 50m. However, high biomass deepwater 
sponge beds are not confined to Australia. Reed and Pomponi (1997) and Maldonado and Young 
(1996) found significant sponge species richness and abundance at 150 to 200 m depth off the 
Bahamas. Deep water sponges are well known to occur in parts of the Mediterranean (e.g. Ilan et al. 
1994) and van Soest (1993) found diverse sponge populations to depths of 100 m off Mauritania in 
northern Africa. Despite the importance of sponges to the benthic biota of mesophotic shelf 
assemblages world wide (e.g. Olsen and Kellog, 2010) there have been no other studies to determine 
the presence or importance of photosynthetic sponges in these habitats. 

We found that many sponges contained symbionts at low or medium levels. This observation was 
reported previously by Lemloh et al. (2009), but we do not know the nature of these symbioses, 
which could be mutualistic, commensal or food items. Denaturing Gradient Gel Electrophoresis in 
this study indicates that some of the sponges harboured multiple cyanobacterial species, and although 
efforts were made to reduce contamination, some of these may have been food items. Fluorescence 
microscopy observations support the presence of one symbiotic genus in each sponge. Sponges 
containing cyanobacterial symbionts typically have only one species, however, occasionally two or 
more species are observed (Usher 2008). 

It is interesting that sequence similarities were found for the symbionts of Sarcotragus  and Spongia 
sp., both collected at 50 m, with the Synechocystis symbionts of Lendenfeldia chondrodes in Palau 
(Ridley et al. 2005) (96.6 % identity) and to a Synechocystis sequenced from an ascidian 
(Muenchhoff et al. 2007) (97.8 % identical). Ridley et al. (2005) reported that the symbionts were 
found throughout the matrix of Lendenfeldia chondrodes, suggesting that they are capable of 
photosynthesising in low light, or are providing other benefits to the sponge host. The Sarcotragus 
and Spongia sp. symbionts from our study were 97.4 % identical to each other. Cyanobacteria have 
an extremely flexible system of photosynthetic enzymes consisting of phycobiliproteins and 
chlorophyll, which are more efficient at harvesting light at depth than are plant and algal 
photosystems (Usher 2008). Cyanobacteria are able to survive at depths receiving only 1 % of surface 
irradiance (Furnas and Crosbie 1999), so it is perhaps not surprising that cyanobacterial symbionts 
are common in sponges at 50 m. Lemloh et al. (2009) also reported Synechocystis symbionts in 
sponges, suggesting that they are relatively common sponge symbionts, at least in temperate 
Australia. 

Although the genus Oscillatoria represents one of the major lineages of cyanobacterial symbionts of 
sponges (Usher 2008), these were not observed by fluorescence microscopy or sequenced in this 
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study. Some species of Oscillatoria are known to fix nitrogen, and so might be expected to dominate 
sponge symbioses at depths where the rates of photosynthesis, and therefore oxygen levels, are lower. 
Olsen and Kellog (2010) suggested that in mesophotic environments nitrogen fixation by 
cyanobacterial symbionts may be a more important contribution to sponges than the benefits of 
photosynthesis, that is, carbon fixation and energy donation.  

The symbionts of Clathria (Thalysias) cf styloprothesis (collected at 50 m) and Tedania 
(Trachytedania) sp (collected at 40 m) were 98.7 % identical to each other, and had sequence 
identities up to 99.9 % with free living Synechococcus species. The symbionts of Clathria (Thalysias) 
cf styloprothesis appeared to be wrapped around the sponge fibres in a similar way to the rhodophyte 
symbionts of sponges reported by Lemloh et al. (2009). 

Early research on photosynthetic cyanosponges occurred in tropical oligotrophic environments and 
conclusions were drawn about their potential importance, based on the comparatively better studied 
associations between scleractinian corals and zooxanthellae. For example, in north-eastern Australia, 
Wilkinson (1987) found a gradient of photosynthetic sponges which decreased from high rates (ca. 60 
%) far off shore in the oligotrophic waters of the Coral Sea to lower levels (ca. 10 %) in the nearshore 
turbid, nutrient rich waters where sponges are an important component of the fauna of the fringing 
reefs of continental islands. Wilkinson (1987) contrasted these patterns to the predominantly 
heterotrophic sponges in the higher nutrient waters of the Caribbean. More recent research suggests 
cyanosponges make up a considerable proportion of sponges in temperate areas where they have been 
studied such as south eastern (Roberts et al. 1999) and south-western Australia (Lemloh et al. 2009). 
Nevertheless, the conclusion that these associations are likely to be important in oligotrophic water 
remains a sound hypothesis and one that can apply equally to temperate regions.  

The western continental margin of Australia is subject to the dominant influence of the Leeuwin 
Current, the only poleward flowing eastern boundary current in the world. The Leeuwin Current 
brings warm low nutrient, low salinity tropical water along the continental shelf. The region has very 
low levels of nutrients and pelagic production (Lourey et al. 2006). Despite this, productive benthic 
ecosystems thrive and a nutrient budget developed for the south-western Australian continental shelf 
(Feng and Wild-Allen 2010) found that more than 80% of primary production on the shelf relied on 
recycled nitrogen, with less than 10% provided from new nitrogen as a result of wind driven 
upwelling or vertical mixing from eddies. These authors concluded that a recycled flux of 6.2 g N m−2 
year−1 was required to balance the nitrogen budget. Hitherto, the main source of recycled nitrogen on 
the shelf in this region has been thought to be sediments (e.g. Lourey and Kirkman 2009; Greenwood 
2010), however, nitrogen excretion by sponges including remineralisation and nitrification by 
symbiotic cyanobacteria in sponges may be another important source of recycled nitrogen.  The high 
abundance and biomass of sponges in south-western Australia (McEnnulty et al., in press, this study) 
may provide an important source of recycled nitrogen on the continental shelf. Nitrogen (as DIN) 
excretion rates in tropical sponges are high but variable. Diaz and Ward (1997) measured rates of 30 
– 2 666 nmol N g-1 (dry wt) hour-1 in four species of sponges in the Caribbean. Also in the Caribbean, 
Corredor et al. (1988) found rates of nitrogen excretion of (600 nmol N g-1 (dry wt) hour-1) in 
Chondrilla nucula. For temperate sponges there are fewer data, however, Jimenez and Ribes (2007) 
found similar rates (180–780 nmol N g-1 (dry wt) hour-1) in several species in the Mediterranean. 
Jimenez and Ribes (2007) estimated from their data that sponges which covered 7 to 22 % of the 
bottom were responsible for nitrogen fluxes of 2.5 to 7.9 µmol N m-2 d-1 or just 0.01 to 0.04 gN m-2 
year-1. However nitrogen excretion rates (of ammonium) measured in two species of sponges 
(Aplysina sp, and Iotrochota baculifera) in our study region of south-western Australia by Hatcher 
(1994) are higher, between 0.52 and 0.69 µmol g-1 (dry wt) hour-1. When converted to wet weight 
based on the data shown in Hatcher (1994) and applied to our survey results of between 53 and 850g 
wet weight of sponges per m2, this gives a possible nitrogen flux for sponges of 0.7 and 69.9 gN m2 
year-1. At the upper ranges of these figures this would contribute significantly to the recycled nitrogen 
flux of 6.2 gN m2 year-1 required to balance the nutrient budget calculated for the shelf in this region 
(Feng and Wild-Allen 2010). This range of potential rates of nitrogen excretion needs to be 
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confirmed and refined by a dedicated study but is also supported by Lourey and Kirkman (2009) who 
calculated a nitrogen flux rate of 10.9 gN m2 year-1 attributable to remineralisation of organic carbon 
and nitrification within the marine benthos (including sediments) in south-western Australia. DIN 
fluxes from sediments in south-western Australia are characterised by pulses of high flux rates during 
weather conditions which generate large waves (Lourey and Kirkman, 2009). This source (and 
signal) of DIN is rapidly assimilated by pelagic phytoplankton and its signal disappears rapidly as a 
result. Sponges on the other hand filter continuously, potentially providing a constant source of 
recycled nitrogen. Indeed, the importance of sponges as a potential source of recycled nitrogen off 
south-western Australia was recognised by Lourey and Kirkman (2009) who suggested that spatial 
separation of sponges and benthic primary producers could result in an accumulation of nitrate. Such 
a situation exists in the deeper, mesophotic waters of south-western Australia where extensive areas 
of high biomass of sponges in deepwater exists (McEnnulty in press, this study).  

On the basis of this study we advance the hypothesis that photosynthetic cyanobacteria-sponge 
associations  have facilitated the high success of sponges in dominating the mesophotic oligotrophic 
waters of  south-western Australia and that these in turn have enabled the high levels of benthic 
primary production to occur, facilitated by tight recycling of nitrogen on the shelf. Based on 
published levels of DIN production by sponges and our studies of sponge biomass off SW Australia 
we contend that it is highly likely that sponges contribute a significant proportion of the new nitrogen 
deficit required to balance nutrient budgets calculated for the south west of Australia by Feng and 
Wild Allen (2010). 

 

3.3.8 Modelling of bentho-pelagic coupling 

The amount of surface incident sunlight that reaches the seafloor is critical in determining benthic 
production. Since water molecules restrict the downward propagation of light, illumination of the 
seafloor is, in part, simply determined by the height of the water-column. However, the disappearance 
of light with water depth also varies with the concentration of various organic and inorganic 
substances in the water. Phytoplankton chlorophyll is particularly important in this respect because it 
is directly related to the phytoplankton biomass, meaning that an increase in phytoplankton 
production can severely restrict benthic production rates by shading the seafloor (Lavery et al. 1991; 
Kavanaugh, et al. 2009). Consequently, increased phytoplankton production may lead to a shift in 
dominance from benthic plants to phytoplankton, reduce the overall productivity and change the 
ecology of coastal ecosystems. Such changes in the balance between pelagic and benthic biomass can 
lead to long-term changes in ecosystem function, or phase shifts. An understanding of the threshold 

Key Findings:  
This study presents the first record of photosynthetic sponges (sponges having a symbiotic 
relationship with photosynthetic cyanobacteria) from deepwater temperate habitats. 
Sponges with high levels of photosynthetic cyanobacteria occurred at depths of up to 50m, 
medium levels to 75m and low levels at 150m. The proportion of sponges that showed no 
epifluorescence increased greatly with depth. 
 
Cyanobacterial symbionts sequenced from sponges at 40 m and 50 m belonged to the genera 
Synechococcus and Synechocystis. These results verify that the domain of photosynthetic 
sponges is not just tropical or shallow water temperate environments. Sponges made up the 
highest biomass of biota across all the sites we sampled from depths of 30-150 m and we 
hypothesise that sponges play a critical role in pelago-benthic coupling and nutrient 
recycling. These important ecosystem functions have been demonstrated to be necessary to 
balance nutrient budgets and explain the productivity of the south-western Australian 
continental shelf benthic ecosystem.  
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levels for transition from one state to another is necessary in order to establish target levels for 
important environmental parameters such as water quality, or in order to establish conditions required 
to restore seagrass beds.  

The seawater that covers the Western Australian continental shelf is remarkably clear because of very 
low concentrations of dissolved nitrogen (and therefore low phytoplankton chlorophyll 
concentrations), and low levels of coloured organic matter because of limited river discharge. This 
allows sufficient light to reach the seafloor to support benthic plant production well beyond 50m 
water depth. However, long term observations at the Rottnest station show a gradual increase in 
nitrate concentration raising concern that this may fuel an increase in pelagic algal production, 
reducing the light reaching the seabed, and upsetting the present balance between pelagic and benthic 
production. The impact of nutrient enrichment on the biogeochemical functioning of the WA 
shallow-water marine system is not clearly understood. The problem is complicated by spatial 
differences in substrate and benthic community composition.  

For shallow water-columns that overlay soft sediment, the sediment nitrogen biogeochemistry has a 
large effect on the pelagic nitrogen dynamics. In particular, accumulation and release of nitrogen 
from the sediment can result in seasonal or inter-annual imbalances in the pelagic-benthic nitrogen 
budget. This can potentially slow down response to nutrient enrichment (or nutrient reduction) in the 
water-column (Soetaert & Middelburg, 2009). Sediments may also act as a nitrogen sink via either 
the burial of refractory organic material or as a result of microbial de-nitrification. 

The situation is different when the seafloor substrate is predominantly hard as in the case of 
limestone reef. This type of seafloor boundary is not considered to possess the ‘buffering’ properties 
of soft sediment mentioned previously. Even so, benthic filter-feeders that reside on the reef can 
affect the pelagic nitrogen dynamics by removal of particulate nitrogen and release of dissolved 
nitrogen at the base of the water-column (Prins et al 1998, Jimenez and Ribes 2007).  

The work presented in this section uses a one-dimensional coupled pelagic-benthic model to estimate 
the impact of water depth, benthic photosynthetic efficiency, seabed substrate and benthic filter-
feeding on the balance between benthic and pelagic plant production. The model is used to help 
understand the impact of nutrient enrichment in a well mixed water column on the biogeochemical 
functioning of a coupled pelagic-benthic marine system.   

Model description 

The model couples water-column physics with nitrogen-based pelagic and benthic biogeochemistry. 
Pelagic and benthic algal production is parameterised as a saturating function of light (I) and 
dissolved inorganic nitrogen (DIN). Surface incident sunlight (available for photosynthesis) (I0) and 
vertical diffusivity are constant in time. Vertical diffusivity is also constant with depth to imitate a 
well-mixed water-column. Light (I) attenuates as a function of depth (z, negative downwards) and 
phytoplankton chlorophyll concentration (Chl) according to equation: 

 

 ( ) zChlkpkw
z eII ..

0
+=

 (1) 

where kw and kp are the coefficients for the attenuation of light due to water molecules and 
phytoplankton chlorophyll respectively and are set to 0.04 m-1 and 0.025 (mg Chl)-1 m-2 (Kirk, 1983). 
The chlorophyll to nitrogen ratio is assumed to be constant. Phytoplankton sink in the model at a rate 
of 1.0 m d-1 and detrital nitrogen sinks at a rate of 10 m d-1.  To represent the soft (sand) seabed type, 
the pelagic model is coupled to a vertically integrated one-dimensional sediment model. The hard 
(reef) seabed type is represented by a ‘no flux’ condition at the lower model-boundary (i.e. no 
sediment model is included). Filter-feeders, when included, are formulated as an additional lower 
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boundary condition that transfers phytoplankton nitrogen in the bottom pelagic layer to either 
sediment nitrogen in the soft seabed case, or to pelagic DIN in the hard seabed case.  

A single model result is obtained by running the model forward in time from its initial condition until 
a dynamic equilibrium is reached. Each model parameterisation described below is run 20 times 
across a range of initial water-column DIN concentrations to record how each model configuration 
responds to nutrient enrichment. Three sets of experiments are conducted with the model. In the first 
set, the soft and hard seabed conditions are compared for 27 different parameterisations of the 
benthic algal production equation by altering the shape of the light response (i.e. ‘P versus I’) curve 
(Figure 3.193). In the second set of experiments the addition of a benthic filter-feeding formulation to 
the hard and soft seabed conditions is tested at four different filtering rates. In the final set of model 
experiments, the model is run at 5 different water depths between 20 and 100m. The parameterisation 
of the pelagic model is the same for all model runs. 

 
Figure 3.193.The 27 P versus I curves tested in expe riment 1. The curve is described by P=P max(1-e-αI –
R), where P max, α and R are constants. Values of P max range from 2.08-6.25 hr -1; values of α range from 
0.01-0.03 (µmol m -2 s-1)-1; values of R range from 0.1-0.3. 

For each different model parameterisation the benthic and pelagic production rate is plotted against 
the mean water-column DIN concentration recorded when the model reaches equilibrium. The model 
results highlight a number of important factors that directly affect the resilience of benthic primary 
producers to water column eutrophication. 
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Figure 3.194. Result of model experiment no 1. Pelag ic production is shown in black and benthic 
production is shown in red. Solid lines are used to show result obtained using the ‘hard’ seabed 
model configuration, and dashed lines for the ‘soft ’ seabed model configuration. Each panel shows 
the result obtained for different parameterisations  of the P versus I curve used to describe benthic 
production. α varies by column with values of 0.01 (left), 0.02 (middle) and 0.03 (right). P max varies with 
row with values of 2 (top), 4 (middle) and 6 (botto m). R is the same in all panels and the value is 0. 2.    
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Figure 3.195. Results of model experiment no 1. In this set of results the value of R is 0.3. The valu e of 
α and Pmax for each panel, and the line colours and styles, a re the same as identified in Figure 3.194. 
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Figure 3.196. Results of model experiment no 1. In this set of results the value of R is 0.4. The valu e of 
α and Pmax for each panel, and the line colours and styles, a re the same as identified in Figure 3.194. 

Results from the first set of model experiments (Figure 3.194 - Figure 3.196) show two important 
features. Firstly, comparison of model results obtained with soft and hard substrate parameterisations 
of the seabed, demonstrate that the presence of a soft seabed (sediment) makes the benthic system 
more resilient to nitrogen enrichment. Evidence of this is seen in the higher DIN values that are 
reached at the intersection of the pelagic and benthic production curves for the soft sediment case 
(Figure 3.194 - Figure 3.196). This finding is consistent with previous work on the role of soft 
sediments in ‘buffering’ the effects of nutrient addition to shallow water ecosystems (Soetaert and 
Middleburg, 2009). Secondly, Benthic algae with greater photosynthetic efficiency (α) and maximum 
photosynthetic rate (Pmax) are more resilient to eutrophication.  Again, evidence of this is seen in the 
shift of the intersection between pelagic and benthic production curves toward higher DIN 
concentrations as the growth parameters Pmax and α are increased in value (Figure 3.194 - Figure 
3.196).



IMPROVED DESCRIPTIONS AND CONCEPTUAL MODELS 

WAMSI Node 1 Project 1 Annexure A • 30 June, 2011 355 

 

 
Figure 3.197. Result of model experiment no. 2. Pela gic production is shown with solid lines and 
benthic production is shown with dashed lines. The result obtained using 4 different filtering rates 1 0 
(black), 20 (red), 40 (blue) and 80 (green) L m -2 hr -1 are shown. Benthic filtering delays pelagic 
dominance as the nutrient concentration increases.   

Results from the second set of experiments (Figure 3.197) show that benthic filtering  ‘protects’ 
benthic algae from the detrimental effects of eutrophication. As filtering rate increases the DIN 
concentration where the pelagic and benthic curves intersect also increases (Figure 3.197). This 
suggests that greater DIN concentrations can be tolerated by an ecosystem that includes benthic filter 
feeders, before the pelagic algae start to dominate, than one that does not. This is generally consistent 
with observations made elsewhere in the world that suggest benthic filter-feeders play an important 
role in controlling phytoplankton blooms (Peterson et al. 2006).      

 
Figure 3.198. Result of experiment no. 3. Solid line s are used to show pelagic production and dashed 
lines to show benthic production. Colours are used to show the result obtained at different water 
column depths; black 10 m, red 25 m, blue 50 m, and  green 75 m. 

Finally, results from the third set of experiments (Figure 3.198) confirm the importance of water 
depth. The deeper the water the more susceptible the benthic algae are to eutrophication. Evidence of 
this is seen in the modelled decline (and eventual extinction) of benthic production at increasingly 
lower DIN concentrations (Figure 3.198). This puts the benthic plant communities living on the 
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outer-shelf at greatest risk and emphasises the importance of being able to adequately model and 
predict bottom irradiance. This is dealt with in the section below. 

3.3.9 Modelling of light (irradiance) at the sea be d 

Correctly estimating the irradiance at the sea bed is critical for the modelling or prediction of benthic 
primary production.  Irradiance at the seabed can be relatively easily estimated for pure water as an 
exponential function of depth. In natural ecosystems, however, it deviates significantly from this 
relationship for a variety of reasons that are much more difficult to quantify. Only with a detailed 
examination of a range of factors such as particle load and the nature of the particles can the 
attenuation coefficient be estimated from first principles. It is known that the attenuation coefficient 
is significantly greater near shore than offshore and the use of a single value for the coastal domain 
will result in a considerable error in estimating irradiance at the seabed.  Therefore a simple model 
that allows estimation of the attenuation coefficient from a limited number of easy to obtain 
parameters would be of benefit to anyone trying to predict benthic or pelagic primary production. 
This short section describes such a simple model that only requires knowledge of the depth.  

From the SS 04/2007 cruise there were a total of 13 vertical profiles of irradiance versus depth were 
obtained during the near shore work of leg one in Perth coastal waters of the voyage. A few high 
quality profiles (no shadow from the ship, no cloud cover, during daylight) were selected for detailed 
analysis. For example, at a location in ~ 100 m deep the irradiance declined exponentially with depth 
(Figure 3.199) or a straight line relationship when replotted as a function of natural logarithm of 
irradiance. This exponential decline suggests the deviations from classic Beers-Lambert theory are 
relatively small in Perth’s coastal water (Kirk 1994). From these data it is possible to calculate the 
attenuation coefficient for Perth coastal waters from Kirk (1994) as: 

 Idz=I0*exp(-Kd*z)  (2) 

where Id is irradiance at depth z, I0 is surface irradiance and Kd is the extinction coefficient. 

Key Findings: 

The model highlights the following important features of benthiopelagic coupling in the 
system: 

The presence of a soft seabed (sediment) makes the benthic system more resilient to nitrogen 
enrichment 

Benthic algae with greater photosynthetic efficiency (α) and maximum photosynthetic rate 
(Pmax) are more resilient to eutrophication. 

Benthic filtering provides some resistance to benthic algae from the detrimental effects of 
eutrophication. 

The deeper the water the more susceptible the benthic algae are to eutrophication. 



IMPROVED DESCRIPTIONS AND CONCEPTUAL MODELS 

WAMSI Node 1 Project 1 Annexure A • 30 June, 2011 357 

CTD stn 9

irradiance (µmol photons m-2 s-1)

0 50 100 150 200

de
pt

h 
(m

)
0

20

40

60

80

100

obs
Kd = -0.0783

CTD stn 9

ln irradiance (µmol photons m-2 s-1)

-2 0 2 4 6

de
pt

h 
(m

)

0

20

40

60

80

100

obs

Kd = -0.0700

 
Figure 3.199 Top panel is I dz=I0*exp(-K d*z) where  I d is irradiance at depth z, I 0 is surface irradiance and 
Kd is the extinction coefficient. The bottom panel is  lnI dz = -Kdz + lnI 0.  

Applying this approach to all 4 good profiles (Figure 3.200) showed that attenuation of light through 
the water column varied from 0.055 m-1 to 0.14 m-1 (Table 3.43). The factor of 3 variation in Kd 
represents a serious problem for the estimation of irradiance on the bottom and the capability to 
predict or model benthic primary production along the West Australian coast.  

 



IMPROVED DESCRIPTIONS AND CONCEPTUAL MODELS 

WAMSI Node 1 Project 1 Annexure A • 30 June, 2011 358 

SS 04/2007 leg 1
Irradiance vs depth

ln irradiance (µmoles photons m-2 s-1)

-4 -2 0 2 4 6 8

de
pt

h 
(m

)

140

120

100

80

60

40

20

0

CTD 8
CTD 9
CTD 11 
CTD 12

  
Figure 3.200 Natural logarithm of irradiance as a f unction of depth for four profiles from the SS 04 
voyage in 2007.  

Table 3.43 TAttenuation coefficients (K d) estimated from near shore stations near 32°S durin g the May 
– June 2007 voyage SS 04/2007.  

Cast# Kd intercept r2 site  approx depth 

8 -0.05516 4.420 0.9988 L 150 

9 -0.07003 5.381 0.9986 E 100 

11 -0.10802 6.596 0.996 C 60 

12 -0.14016 5.393 0.9932 A  30 

Predicting the attenuation coefficient in shallow (> 200m) water depths in Perth 
Coastal waters.    

Previously reported attenuation coefficients for Perth coastal waters range somewhat depending upon 
location and season (e.g. Thompson and Waite 2003) but in the shallow (~ 10m) waters of Marmion 
Lagoon averaged about -0.18 m-1 (n = 85, Thompson and Waite 2003).  Offshore measurements at 
similar latitudes are much lower, typically ~ 0.05 m-1 (n= 56, Thompson et al. 2007). The data from 
SS04/2007 showed little deviation from a strict logarithmic irradiance to linear depth relationship 
such as that might be expected due to differential absorption of longer wavelengths which can make 
absorption in the top few meters greater than it is lower down (Kirk 1977, Kirk 1994).  The model fit 
here (Table 3.4.3) showed depth explaining > 99% of the variance in irradiance with very modest 
deviations from linearity.   

Using these measurements to constrain a relationship between extinction coefficient and depth as 
measured on the SS04/2007 cruise provided evidence of an exponential relation between bottom 
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depth and average light attenuation through the water column (Table 3.44, Figure 3.201). This model 
provides a considerable improvement (~ factor 4) over the use of a single attenuation coefficient for 
the waters of the continental shelf.  Based on known patterns of phytoplankton biomass for the region 
(Thompson et al. 2009) and some limited data from shallow waters in Sepia Depression (Thompson 
and Waite 2003) it is likely that most WA shelf waters will have a seasonal component to Kd.  This 
seasonal component should be obtainable from the IMOS enhancements of the coastal monitoring at 
Rottnest Island once several years of data are available.  

Table 3.44 The relationship between seabed depth an d average light attenuation coefficient (-)K d 
=0.044 + 0.155exp(-0.0163*z) where z = depth with a n r2 value of 0.997.  

parameter Coefficient Std. Error Student’s t P 

Minimum 
value Kd 

0.044 0.0043 10.2 0.0020 

Constant 
(a) 

0.155 0.0067 22.9 0.0002 

Slope (b) 0.0163 0.0017 9.59 0.0024 

 

The relationships (e.g. Table 3.44) between surface irradiance and seabed irradiance as a function of 
seabed depth emerge from a mixture of factors that impact on light attenuation. These include the 
nonlinear relationship between chlorophyll a concentration and distance from shore (Chapter 1).  
Chlorophyll a and other particulates are the most variable factors determining light attenuation in 
these waters. Under circumstances where light attenuation is not uniform throughout the water 
column due to differential absorption of specific wavelengths and scattering (e.g. Kirk 1977) or there 
is spatial or temporal variation in the concentrations of particles that is not consistent with the 
particulate load observed during SS04/2007 the use of this equation (Table 3.44) may not be 
accurate.     
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Figure 3.201. A simple model to estimate the averag e light attenuation as a function of bottom depth 
for Perth coastal waters.  

For the purpose of estimating primary production, especially benthic primary production, from the 
primary producers quantified during the research voyage SS04/2007 the average irradiance to the 
ocean surface was determined by the ship borne Biospherical light sensor (Figure 3.202).  Results 
indicated the average daytime high irradiance was ~ 2000 µmoles photons m-2 s-1 while the average 
over the voyage was ~ 332 µmoles of photons m-2 s-1 or about 28.6 moles of photons m-2 day-1.   
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Figure 3.202. Irradiance (5 minute averages) measur ed at top of the ship’s mast during research 
voyage SS04/2007 with a Biospherical sensor detecting  photosynthetically active radiation (400 to 700 
nm = PAR).  

For the estimate of surface irradiance (insolation) can be measured (as above) or calculated following 
simple methods outlined below (after Kirk 1994). Incoming irradiance data (Q. = total daily 
insolation in joules m-2 d-1) as measured at Perth Airport can be fitted to a Gaussian curve over an 
annual cycle. The following relationships (Eqs. 3-6) can be used to calculate surface instantaneous 
irradiance at any time (t) during any given day: 1) the solar declination can be estimated using the 
technique of Spencer (1971): 

δ = 0.39637 - 22.9133 cosΨ + 4.02543 sinΨ - 0.3872 cos 2Ψ + 0.052 sin 2Ψ  (3) 

where δ = solar declination, and is the date expressed as an angle 360° d/365), where d is the day of 
the year and converted to daylength (in h) from Kirk (1994): 

daylength = 0.133 cos(-tan γ tan δ) (4) 

where δ is the solar declination (from Eq. 2) and γ is the latitude. The maximum irradiance at solar 
noon can be calculated from equation (5): 

Em = Qs2πN
-1 (5) 

where Em is the irradiance at solar noon, Qs is total daily insolation, and N is time in seconds. The 
irradiance at any given time E(t) is calculated: 

E(t) = Em sin(πN-1) (6) 

where t is time in seconds and other symbols are as above (Kirk 1994). Finally, the instantaneous 
irradiance can be converted from total energy (all wavelengths) to energy within photosynthetically 
available radiation (PAR 400-700 nm) using the factor 0.45 from Baker and Frouin (1987) and from 
joules m-2 S-1 to µmoles of photons m-2 S-1 using 2.5 x 1018  quanta W-1 from Morel and Smith (1974).  

Alternatively the irradiance at the surface (isolation) of the ocean can be obtained from a range of 
remotely sensed observations following methods devised by Frouin et al. (1989) and Frouin and 
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Chertock (1992).  These data can be easily obtained from the Giovanni web site maintained by NASA 
at http://gdata1.sci.gsfc.nasa.gov/daac-bin/G3/gui.cgi?instance_id=ocean_month. 

These satellite data are very useful for extending a limited set of field observations or expanding the 
geographic range. For example, for the region off Perth the MODIS data from 2002 to 2011 can be 
used to extend the SS04/2007 data out to a longer time period. Observations from the ship were 28.6 
moles of photons m-2 d-1 well within the MODIS range of 18 to 31 moles of photons m-2 d-1 for PAR 
in this region during May 2007 (Figure 3.203).  
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Figure 3.203 Average daily insolation of PAR in the region 28° to 34°S by 110 to 120°E obtained from 
MODIS satellite through the activities of NASA's Scien ce Mission Directorate, and are archived and 
distributed by the Goddard Earth Sciences (GES) Data an d Information Services Center (DISC). 

 

 

Key Findings: 

A simple empirical relationship between the light attenuation coefficient and seabed depth 
makes it easier to estimate bottom irradiance on the shallow coastal waters off Perth. 
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3.3.10 Scaling up estimates of biomass distribution  and primary production 
across the continental shelf 

This section provides a represention of the distribution and abundance of biomass of animals and 
plants across the continental shelf off Perth. It  has been developed to improve determination of the 
nitrogen budget for the shelf in the  region and to determine  the  components of the ecosystem at the 
levels of functional taxa, habitat type and depth zone that are particularly important silos of organic 
carbon and nitrogen. The latter are particularly relevant as we seek to consider the sources of 
recycled nitrogen on the shelf and which taxa and habitats are most important in determining the 
scale of these fluxes. 

Methodology 

The approach taken was to focus on a section of the continental shelf off metropolitan south western 
Australia including a section of the Marmion Marine Park where many of our observations have been 
made and to use our measurements and estimates of habitat type, distribution and abundance and 
biomass and primary production complemented where necessary with literature values to build a 
conceptual model of the region overlain with habitat, biomass and productivity estimates in four 
depth zones. The estimates of primary production were then used to calculate a nutrient budget for 
the region by revising and scaling down the nutrient budget developed by Feng and Wild-Allen 
(2010) for the Western Australian coast between Cape Leeuwin and North-West Cape. 

Conceptual model domain 

The model domain is centred on 23o 45’ and extends eastward from the shore to the 200 m depth 
contour and 5 km north and south. Thus the model domain is an approximate rectangle 10 km by 67 
km (Table 3.45, Figure 3.204) with a total area of 669km2.  The bathymetric profile of the region is 
shown in Figure 3.205. There is a narrow lagoon about 6km wide that extends out to the 20m depth 
contour, and then a wide gently sloping inner-shelf out to about 50m depth, some 47 km offshore. 
There is then a steep slope dropping from 50 to 100 m over a distance of just 4.3 km. The bottom 
then drops away again gently to 200m at 77 km off shore. At this point, the distance between the 
100m and 200m isobaths is unusually wide (25.2 km) while on average between Lancelin and 
Rockingham it is only 15.2 km wide. The model domain for this depth range has been limited to the 
average distance (15.2 km) to make the model more widely representative of the shelf in this region. 
The seabed then drops away sharply from 200m, with the 500m depth contour at just 85 km off shore. 



IMPROVED DESCRIPTIONS AND CONCEPTUAL MODELS 

WAMSI Node 1 Project 1 Annexure A • 30 June, 2011 364 

 
 

Figure 3.204. Model domain superimposed on AUS754 Na vigation Chart (Commonwealth of Australia 
2002) showing proportion of habitat types in each o f the four depth zones used in the model. The 
lagoon section referred to in the text is the area inside the 20m bathymetric line. 

Table 3.45. Distance and area of each depth zone in  the model domain. Distances were calculated 
using the AUS754 Navigation Chart (Commonwealth of A ustralia 2002). 

Depth zone Model domain dimensions   

m naut. mile km km2 % 
0-20 3.4 6.3 63.0 8.2 
20-50 22.2 41.1 411.1 61.5 
50-100 2.3 4.3 42.6 8.2 
100-200 8.2 15.2 151.8 22.7 

Total 36.1 66.9 668.5 100 
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Figure 3.205. Depth profile of the south-west Austr alian shelf along 31 o45’S. 

Habitat area and distribution within model domain 

The proportion of each habitat type is taken from the acoustic mapping and tow video analysis 
described above. This is summarised in Table 3.46 below.  
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Table 3.46. Depth Zones and proportion of Habitat t ype (from Figure 3.204). 

Depth (m) Depth Zone Sand/Soft 
Sediment 
(%) 

Reef/Hard 
Bottom (%) 

Seagrass 
Meadow 
(%) 

Average Depth 
of water 
column (m) 

Area of Depth 
Zone in model 
domain (km2) 

0-20 Marmion 
Lagoon 

47 42 11 10 63.0 

20-50 Shallow 
shelf 

66.5 32.5 1 35 411.1 

50-100 Outer Slope 52 48 0 75 42.6 
100-200 Deep shelf 100 0 0 150 151.8 

Estimating biomass within the model domain Table 3.47 and Table 3.48 show the biomass per m2 for 
each type of taxa in each habitat type in each depth zone. Table 3.49 shows the conversion factors 
used to convert biomass between wet weight, dry weight, organic carbon and nitrogen. Benthic 
habitat types and animal biomass from 150-200m were assumed to be the same as that from 100-
150m where detailed sampling occurred. 

Table 3.47. Benthic biomass data and sources. Unles s otherwise stated, all biomass is grams wet 
weight per m 2 except MPB which is grams chlorophyll a per m 2, sediment organic carbon which is gC 
in top 2cm sediment and sediment nitrogen which is gN in top 2cm of sediment. Sources: aThis study, 
this chapter and chapter 4; bautumn value of algal biomass from p202 SRFME Final R eport volume 2 
(Keesing et al. 2006) assuming half kelp/half other  algae; cbenthic sled data this study, this chapter 
(this method captures drift algae); dmeasured or estimated in his study, this chapter, n ote sponge, 
bryozoa and ascidian biomass for seagrass beds and bryozoa biomass on hard bottom/reef is in 
AFDW ; ethis study, chapter 4; fnot measured but assumed to follow dout to 50m in the case of 
sponges, ascidians and bryozoa in seagrass beds and  organic carbon and nitrogen follows e but is 
assumed to decline by 25% between 20 and 500m then by 50% between 50 and 100m and by 90% 
between 100 and 200m;?data gap, probably negligible , model assumes zero; ?? data gap maybe non-
negligible, model assumes zero. Notes: MPB is microp hytobenthos; Other animals are predominantly 
molluscs, crustaceans, echinoderms and polychaetes.  Note that biomass data for sediment organic 
carbon and sediment total nitrogen are total. In th e model calculations these figures are reduced by 
subtracting the carbon and nitrogen biomass tied up  in MPB. 

 

Parameter 0-20m 20-50m 50-100m 100-
200m 

 Sand/Soft 
Sediment 

Reef/Hard 
Bottom 

Seagrass 
Meadow 

Sand/Soft 
Sediment 

Reef/Hard 
Bottom 

Seagrass 
Meadow 

Sand/Soft 
Sediment 

Reef/Hard 
Bottom 

Sand/Soft 
Sediment 

MPB 0.040a ?? ?? 0.020 a ? ? 0.010 a ? 0a 
Ecklonia ? 2000b ? 0.004c 144c ? 0c 240c 0c 
Other algae ? 2000b ? 0.041c 35.7c ? 0.003c 26.4c 0.002c 
Seagrass ?? 0d 263d 0.003c 2.78c 263d 0c 0c 0c 
Sponges 0e 30d 0.97d 0.002c 218c 0.97d 3.10c 325c 17.8c 
Bryozoans 0e 0.3d 0.09d 0.001c 0.919c 0.09d 0.142c 6.51c 2.23c 
Ascidians 0e 46d 3.9d 0c 5.0c 3.9d 0.039c 0.872c 3.4c 
Other animals 13.2e 20 d 2 d 1.34c 15.0c ?? 0.660c 24.2c 0.504c 
Sediment 
organic carbon 

14.2e ? ?? 10.65f ? ?? 7.1f ? 1.42f 

Sediment total 
nitrogen 

2.83e ? ?? 2.12f ? ?? 1.42f ? 0.283f 

 



IMPROVED DESCRIPTIONS AND CONCEPTUAL MODELS 

WAMSI Node 1 Project 1 Annexure A • 30 June, 2011 367 

Table 3.48. Water column biomass data used. Sources:  zooplankton this study this chapter, 0-20m are 
averages of summer and winter sampling, other depth s  are May 2007 samples only 20-50m is from 
50m station, 50-100m is average of 50m and 100m sta tions,  100-200m is average of 100m and 300m 
stations. Phytoplankton is from annualised estimates  based on measurements across the Two Rocks 
Transect carried out in SRFME (see Keesing et al. (20 06). Water column Dissolved inorganic nitrogen 
(DIN) is based on data in this study, chapter 4 fro m Marmion Lagoon. 

Parameter 0-20m 20-50m 50-100m  100-200m  
Zooplankton 
(350- 1000µm) 

0.004215 gDW m-
3 

0.005044 gDW m-3 0.004003 gDW m-3 0.002426 gDW m-3 

Zooplankton 
(250-350µm) 

0.006654 gDW m-
3 

0.004684 gDW m-3 0.005334 gDW m-3 0.004156 gDW m-3 

Zooplankton 
(<250µm) 

0.004878 gDW m-
3 

0.002040 gDW m-3 0.001735 gDW m-3 0.001177 gDW m-3 

Phytoplankton 0.0004 gChla m-3 
(0.4 mg m-3) 

0.0003 gChla m-3 
(0.3 mg m-3) 

0.0003 gChla m-3 
(0.3 mg m-3) 

0.0002 gChla m-3 
(0.2 mg m-3) 

Water column 
DIN 

0.000420 gN m-3 
(0.03 µmol liter-1) 

0.000280 gN m-3 
(0.02 µmol liter-1) 

0.000280 gN m-3 
(0.02 µmol liter-1) 

0.000140 gN m-3 
(0.01 µmol liter-1) 

 

Table 3.49. Conversion factors (multipliers) used t o convert biomass into different units (refer to 
Table 3.47 and Table 3.48 for base measurement). gphytoplankton and microphytobenthos Carbon to 
WW and WW to DW from Reilly and Dow in (Link et al.  2006) and AFDW assumed to equal Carbon 
biomass, hcalculated from Geiger (1987) C:Chla ratios were 32 .5:1 at 10m, 21.3 at 35m, 20.7 at 75m 
and 20.6 at 150m, iestimate based on Duarte (1992), jtable 4.7 in Postel et al. (2000), kactual measured 
data for zooplankton AFDW used where needed (data n ot shown), lYamamuro (1999), mThomas 
Wernberg pers. comm. WW/DW value for kelp 0.1897 an d we assumed other algae the same, 
nVanderklift this study, this chapter, oDuarte 1992, pDuarte 1990, qRicciardi and Bourget (1998), rmid-
point of range of 0.14 and 0.34 from Diaz and Ruetz ler (2001), sRiisgaard et al. (1993), testimate of 
skeleton free dry weight based on corals from Morto n (1980) as no data for bryozoa available, umid 
range from (Clarke 2008), vestimate based on q, Other animals are predominantly molluscs, 
crustaceans, echinoderms and polychaetes (for conve rsions mid-range of values used from cited 
sources). 

 DW to 
WW 
(C to 
WW) 

WW to DW 
 

DW to 
AFDW 

AFDW to 
C 

(C to 
AFDW) 

DW to C 
(Chla to C) 

AFDW to 
N 

C to N DW to  N 

MPB (2 g) 0.2g  (1g) (20.6 - 
32.5h) 

 0.1613 i  

Phytoplankton (2 g) 0.2g  (1g) (20.6 - 
32.5h) 

 0.1613 i  

Zooplankton 5j - k - 0.356l -  0.094l 
Ecklonia - 0.1897m - - 0.369n -  0.015n 
Other algae - 0.1144m - - 0.248o -  0.019o 
Seagrass - 0.1i - - 0.336p -  0.0192

p 
Sponges - 0.162q 0.8v - 0.24r -  0.0305

s 
Bryozoans - 0.035t 0.8v - 0.5i -  0.03i 
Ascidians - 0.062q 0.8v - 0.221   0.033l 
Other animals - 0.2q 0.8q 0.55u - 0.12u  - 
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Estimating primary production within the model domain 

Annual primary production across the model domain was calculated using published or measured 
values for phytoplankton, microphytobenthos, seagrass, Ecklonia and other algae (see Table 3.50). 
Values for seagrass and algae were calculated such that they could be applied as a function of 
dryweight biomass.  
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Table 3.50. outlines the primary production paramet ers used. Sources: phytoplankton is expressed as mg C per m 2 per day from Koslow unpublished (from fig 
4.20, p150, Keesing et al. 2006), MPB in gC per m 2 per year is calculated from Lourey and Thompson un published data (elsewhere in chapter 3 this report)  using 
an average net value of 45 millimol O 2 production per m 2 per hour for sediments in shallow lagoon at 5m dep th converted to carbon production per year. 
Estimates for deeper water are based on diminishing  the shallow water figure by using the relationship  between electron transfer rates for MPB against de pth 
(Thompson unpublished, this chapter). Ecklonia 0.1397gC per gWW standing crop per year calculated  from a seasonally variable 0.0041 -0.0079 gWW per WWg 
standing biomass per day (Vanderklift and Bearham t his chapter) converted to DW (using WW/DW conversio n factor of 18.97% from Thomas Wernberg UWA) and 
Carbon (as per Table 3.49). Other algae is estimate d to be 150% of the measured value for Ecklonia based on comparative measurements of productivity from 
oxygen evolution of Ecklonia, Sargassum, Hennedya and Pterocladia. These other three genera have much higher levels of productivity 122-306%) compared to 
Ecklonia (see Lourey unpublished elsewhere this chapter). S eagrass is calculated from Duarte and Chiscano (199 9) using data for Posidonia oceanica. This is 
likely to be similar to Posidonia sinuosa but less than Amphibolis antarctica. Both these species are abundant in the study area . 

Parameter 0-20m 20-50m 50-100m 100-200m 
 Sand/Soft 

Sediment 
Reef/Hard 
Bottom 

Seagrass 
Meadow 

Water 
column 

Sand/Soft 
Sediment 

Reef/Har
d Bottom 

Seagrass 
Meadow 

Water 
column 

Sand/Soft 
Sediment 

Reef/Hard 
Bottom 

Water column Sand/Soft Sediment Water column 

Phytoplankton - - - 100 - - - 200 - - 300 - 300 
MPB 165.46 ? ?? - 68.97 ? ?? - 17.01 ? - 0 - 
Ecklonia - 0.1397 ? - - 0.139

7 
? - - 0.1397 - - - 

Other algae - 0.2095 ?? - - 0.209
5 

?? - - 0.2095 - - - 

Seagrass - - 0.2405 - - - 0.2405 - - - - - - 
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Results 

Patterns of animal and plant biomass 

Wet weight 

Total animal and plant wet weight biomass in the 669 km2 model domain was 188,465 tonnes 
(Table 3.51) or 282 tWW per km2 or 282 gWW per m2. Biomass was dominated by kelp (41%), 
other algae (31)% and filter feeders (23%). 

Distribution of wet weight biomass by depth 

Relative patterns of wet weight distribution between depth zones are shown in Figure 3.206. 
Kelp and other algae made up 93% of all biomass in the 0-20 m depth zone while filter feeders 
made up less than 3%. On the other hand at depths >than 20 m, filter feeders accounted for 
53% of all biomass. Fifty-nine percent of all biomass occurred in the 0-20m depth zone which 
made up only 9% of the area of the model domain while 31% of the biomass was in the 20-50 
m depth zone, while the deeper areas 50-200 m made up just 9% of biomass.  

Distribution of wet weight biomass by habitat 

Reef habitats accounted for 94% of all biomass and between 95% and 98% of biomass in the 
depth zones less than 100 m (Table 3.52). Sand habitats were the next most important making 
up 2.4% of all biomass overall and 77% of biomass in the 100-200m depth zone. Water column 
biomass (phytoplankton and zooplankton) made up 23% of biomass in the 100-200m depth 
zone but only 1.3% of overall biomass. 

Dry weight 

Total animal and plant dry weight biomass in the 669 km2 model domain was 33,869 tonnes 
(Table 3.53) or 51 tDW per km2 or 51 gDW per m2. Biomass was dominated by kelp (43%), 
other algae (33%) and filter feeders (20%).  

Distribution of dry weight biomass by depth 

Kelp and other algae made up 97% of all biomass in the 0-20 m depth zone while filter feeders 
made up just 1.2%. On the other hand at depths >than 20 m, filter feeders accounted for 48% of 
all biomass. Sixty-one percent of all biomass occurred in the 0-20m depth zone which made up 
only 9% of the area of the model domain while 29% of the biomass was in the 20-50 m depth 
zone, while the deeper areas 50-200 m made up just 9% of biomass.  

Distribution of dry weight biomass by habitat 

Reef habitats accounted for 96% of all biomass and between 96% and 98% of biomass in the 
depth zones less than 100 m (Table 3.54). Sand habitats were the next most important making 
up 2% of all biomass overall and 70% of biomass in the 100-200m depth zone. Water column 
biomass (phytoplankton and zooplankton) made up 30% of biomass in the 100-200m depth 
zone but only 1.4% of overall biomass. The proportionality of the makeup of biomass 
distribution did not change greatly in the conversion of wet weight to dryweight. 



IMPROVED DESCRIPTIONS AND CONCEPTUAL MODELS 

WAMSI Node 1 Project 1 Annexure A• 30 June, 2011 371 

Organic Carbon 

Total mass of organic carbon in animal and plant biomass in the 669 km2 model domain was 
10,670 tonnes (Table 3.55) or 16 tC per km2 or 16 gC per m2. Organic carbon biomass was 
dominated by kelp (51%), other algae (26%) and filter feeders (15%). 

Distribution of organic carbon biomass by depth 

Relative patterns of wet weight distribution between depth zones are shown in Figure 3.207. 
Kelp and other algae made up 96% of all biomass in the 0-20 m depth zone while filter feeders 
made up just 1%. On the other hand at depths >than 20 m, filter feeders accounted for 36% of 
all biomass. Sixty percent of all biomass occurred in the 0-20m depth zone which made up only 
9% of the area of the model domain while 30% of the biomass was in the 20-50 m depth zone, 
while the deeper areas 50-200 m made up just 9% of biomass.  

Distribution of organic carbon biomass by habitat 

Reef habitats accounted for 92% of all biomass and between 90% and 98% of biomass in the 
depth zones less than 100 m (Table 3.56). Sand habitats and the water column were the next 
most important, each making up 3.2% of all biomass overall and 46% and 54% respectively of 
biomass in the 100-200m depth zone. Differences in quanta between dry weight and carbon 
biomass were due to the proportionately higher organic carbon content in macroalgae and 
seagrass relative to filter-feeders. 

Nitrogen 

Total mass of nitrogen in animal and plant biomass in the 669 km2 model domain was 814 
tonnes (Table 3.57) or 1.22 tN per km2 or 1.22 gN per m2. Nitrogen biomass was dominated by 
filter feeders (27%), kelp (26%) and other algae (25%). 

Distribution of nitrogen biomass by depth 

Relative patterns of wet weight distribution between depth zones are shown in Figure 3.208. 
Kelp and other algae made up 90% of all biomass in the 0-20 m depth zone while filter feeders 
made up just 2%. On the other hand at depths greater than 20 m, filter feeders accounted for 
45% of all biomass. The highest biomass of nitrogen was in the 0-20m depth zone (47%) which 
comprised 9% of the total model area while 39% of nitrogen biomass occurred in the 20-50m 
depth zone which made up only 61% of the area of the model domain. Deeper areas 50-200 m 
made up less than 15% of nitrogen biomass.  

Distribution of nitrogen biomass by habitat 

Reef habitats accounted for 84% of all biomass and between 83% and 94% of biomass in the 
depth zones less than 100 m (Table 3.58). The water column (phytoplankton and zooplankton) 
was the next most important making up 8.6% of all nitrogen biomass overall and 66% of 
biomass in the 100-200m depth zone. Sand habitats made up 34% of biomass in the 100-200m 
depth zone but only 6.5% of overall biomass. Differences in quanta between dry-weight and 
nitrogen biomass were due to the proportionately higher nitrogen content in filter-feeders and 
phytoplankton relative to macroalgae and seagrass. 



IMPROVED DESCRIPTIONS AND CONCEPTUAL MODELS 

WAMSI Node 1 Project 1 Annexure A • 30 June, 2011 372 

 

Incorporating water column dissolved inorganic nitrogen, sediment organic 
carbon and total nitrogen  

In order to provide a more complete representation of the organic carbon and total nitrogen 
silos in the model domain dissolved inorganic nitrogen in the water column and sediment total 
nitrogen and sediment organic carbon (less that measured in the MPB) were incorporated from 
measurements made during the study. The parameters used and their sources are shown in 
Table 3.47. 

Dissolved organic carbon and non-living particulate organic carbon in the water column are not 
included and maybe non-negligible. 

Organic Carbon 

Organic carbon tied up in sediment as live animal or plant material, bacteria or detritus 
comprised 14.2 gC per m2 in the top 2cm of sediment in the 0-20m habitat zone (Table 3.47). 
Of this 1.3 gC per m2 in the top 2 cm in the 0-20m zone is MPB. This figure of 14.2 gC per m2 
compares with a total for all other benthic and pelagic organic carbon of 9.6gC per m2 (Table 
3.55). Incorporating sediment organic carbon into the model increased the total organic carbon 
load in the model domain to 14,204 t or 21 gC per m2 (Table 3.60) with 25% of all organic 
carbon tied up in this source. Standing stock of kelp remains the largest store of organic carbon 
on the shelf (34%) with sediment stores the next highest (Table 3.59). Figure 3.209 highlights 
the importance of sediment habitats as a carbon store relative to other sources. 

Nitrogen 

Nitrogen tied up in sediment as live animal or plant material, bacteria or detritus comprised 
2.83 gC per m2 in the top 2cm of sediment in the 0-20m zone (Table 3.47). This compares with 
a total for all other benthic and pelagic animal and plant nitrogen of 1.21gC per m2 (Table 
3.55). Incorporating sediment nitrogen of 2.83gC per m2 in sand habitats and water column 
DIN of 0.01 to 0.03 µmol per litre into the model increased the nitrogen load in the model 
domain to 1535 t or 2.30 gN per m2 (Table 3.61) with 46.4% and 0.52% of all nitrogen tied up 
in sediment and in the water column as DIN respectively. Thus the largest stores of nitrogen on 
the shelf occur within sediments in the 20-50 m depth zone (562 t or 36.6%) (Table 3.62). 
Figure 3.210 highlights the importance of sediment habitats as a nitrogen store relative to other 
sources. The importance of nitrogen resupply facilitated by nitrifciation at the benthos and 
wave movement of sediments has been highlighted elsewhere in this study (see also Lourey and 
Kirkman 2007). There is a need to better quantify the levels of sediment nutrients in sediments 

Key Findings: 

• The study provides an assessment of the patterns of animal and plant biomass 
distribution across the shelf showing macroalgae (especially kelp) and 
filterfeeders (especially sponges) are the dominant biota on the shelf in terms 
of biomass but important spatial patterns are evident across the shelf. 

• In the shallow area of the shelf 0-20 m biomass is domated ca >90% by 
macroalgae and ca. 2-3% by filter feeders. 

• Beyond 20m filter feeders made up > 50% of biomass 
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beyond the estimates here which are largely based on extrapolation from shallower parts of the 
domain. 

 

Patterns of primary production 

Total primary production across in the 669 km2 model domain was 82,164 tonnes of carbon 
(Table 3.63) or 122.9 tC per km2 per year or 122.9 gC per m2 per year (Table 3.63). Total 
benthic primary production was 28,568 tonnes of carbon or 42.7 tC per km2 per year or 42.7 gC 
per m2 per year while pelagic (phytoplankton) primary production was 53,597 tonnes of carbon 
or 80.0 tC per km2 per year or 80.0 gC per m2 per year.  

Distribution of primary production by depth 

Relative patterns of the distribution of primary production between depth zones and plant type 
are shown in Figure 3.211. Overall, productivity was dominated by phytoplankton (65%) and 
microphytobenthos (29%) with kelp (2.5)%, other algae (2.8%) and seagrass (0.1%) making up 
the remainder. Kelp and other algae made up 32% of all primary production in the 0-20 m 
depth zone but this was still less than that of MPB (45%). At depths >than 20 m, phytoplankton 
and MPB dominated productivity. As a result of the extensive sand habitats in the 20-50 m 
zone, MPB made up 38% of primary production in this zone and indeed MPB in this zone 
accounted for 23% of all primary production within the model domain. At depths beyond 50m 
primary production was, not surprisingly, almost exclusively dominated by phytoplankton 
(90% in the 50-100m zone and 100% in the 100-200m zone) but this is only 26% of the total 
primary production on the shelf. The largest single contribution to primary production (36%) 
was the phytoplankton in the extensive 20-50m zone.  

Distribution of benthic primary production by habitat 

Table 3.64 shows that reef habitats make up 5.3% of all primary production on the shelf and 
15% of all benthic primary production while comprising 27% of all benthic habitats (35% of 
benthic habitats <100m).  

The revised nutrient budget and its implications 

The model of primary production presented here shows total primary production of 122.9 gC 
per m2 per year (80.0 gC per m2 per year pelagic and 42.7 gC per m2 per year benthic). The 
nitrogen requirement to fuel this production is estimated to be 18.52 gN per m2 per year (12.1 
gN per m2 per year pelagic and 6.4 gN per m2 per year benthic) (Table 3.65).  Early in our 
WAMSI study a preliminary nutrient budget was developed for the entire western Australian 
coast between NW Cape and Cape Leeuwin (Chapter 1 this study, see also Feng and Wild 

Key Findings:  

• Large stores of organic carbon and total nitrogen exist tied up in sediments on 
the shelf 

• These stores provide an important source for nutrient resupply to the water 
column from the benthos. 

• There is a need for more empirical measurements of sediment nutrients across 
the shelf to provide greater rigour to the models presented here. 
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Allen (2010). They estimated a nitrogen budget of 16.8 gN per m2 per year and that 84% of 
nitrogen used on the shelf for primary production was recycled on the shelf. They attributed a 
likely imbalance in the budget (about 1 gN per m2 per year) to an unidentified export flux 
across the shelf. Their estimates were based in part on much lower rates of benthic primary 
production than our calculations suggest are the case for the region off Marmion. They also 
included a significant source of new nitrogen from upwelling in the region north of the 
Abrolhos which is not relevant to the region we studied. Incorporating our higher levels of 
benthic primary production requires a higher proportion of recycling on the shelf (90%) and 
reducing the contribution from upwelling to 0.1 gN per m2 (see chapter 2 this study) accounts 
for much of the excess nitrogen identified in the Feng and Wild Allen (2010) model. Our model 
requires a benthic nitrification flux of 9.53 gN per m2 per year. This is similar to the flux of 
10.9 gN per m2 per year estimated to occur in this region (see earlier this chapter and Lourey 
and Kirkman 2009) and is within the range of fluxes of  2 – 10 gN per m2 per year measured by 
Rosich et al. (1994). The primary sources of this nitrate are likely to be wave driven 
resuspension of nitrate from nitrification in sediments (Lourey and Kirkman 2009) and sponges 
(see discussion earlier in this chapter). The annual production of organic carbon from all 
primary producer sources is 9 times the living biomass of those primary producers and almost 6 
times the total estimate of all organic carbon biomass estimated on the model domain (Table 
3.66). Much of this excess production appears to be stored in sediments where it is 
remineralised and made available as new nitrogen through wave driven resuspension as 
described early in this chapter (see also Lourey and Kirkman 2009). 

Impact of nitrogen input from the Beenyup Waste Water Treatment Plant 

The input of nitrogen into this system from the Beenyup Waste Water Treatment Plant 
(hereafter Marmion outfall) and its affect on the nutrient budget presented is worthy of special 
consideration. In 2009 the Marmion outfall was adding 816 tonnes of nitrogen into the 
Marmion Marine Park (Water Corporation Ploom Study). This is the equivalent of 1.29 gN per 
m2 per year over the model domain and similar to the amount estimated to be contributed from 
Leeuwin current advection. It is not possible to estimate how much of this nitrogen is taken up 
by plants within the model domain and how much is advected from the system. Our study has 
shown (see chapter 1) that wind driven currents and wave forcing may turn over the water in 
the lagoon within a day. On the otherhand Thompson and Waite (2003) and Gartner et al 
(2002) showed that there is a clear signal from the Marmion outfall in phytoplankton and 
macroalgal primary production.  Thus it is difficult to estimate how much of the 1.29 gN per m2 

per year from the Marmion outfall should be included in the supply and export parts of the 
nutrient budget presented here. Including the full amount on the supply side will have the 
impact of reducing the estimate of nitrogen supply needed from nitrification at the seabed by 
14% (from 9.53 to 8.23 gN per m2 per year). It would also increase the unaccounted losses of  
nitrogen (including burial and denitrification) needed to balance the budget from 0.56 to 1.86 
gN per m2 per year. This suggests a significant export of nitrogen not accounted for in the 
model. One possible mechanism maybe a cross shelf cascade of dense water or near bed gravity 
current of 0.01–0.02 m s−1 taking water off the shelf identified by Pattiaratchi et al. (2011). 
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Summary 

 The data and models produced in this part of the study have shown the importance of benthic 
habitats on the continental shelf and in particular shown that the relevance of the spatially 
extensive and deeper benthic habitats has been underestimated. Similarly the importance of soft 
sediment habitats has been underestimated in the past. As such the results have important 
implications for ecosystem based management of fisheries resources and implications for 
ecosystem and primary producer habitat protection, with habitats previously regarded as being 
of low environmental importance now evidently warranting greater protection. It is also clear 
that our study has demonstrated the need for more extensive studies on the processes which are 
important in structuring these deepwater habitats and the role they play in primary production 
and nutrient recycling and resupply.  In particular we suggest that the deep water kelp 
communities warrant study they can tell us about kelp resilience and how to protect kelp 
resources in shallower eaters in the face of climate change, the role of sponges as nitrifiers and 
the extent of autotrophy and improved quantification of the contribution of soft sediment 
habitats to primary production and nutrient resupply functions in southwest Australian 
ecosystems. Lastly, this study has only looked at a very small section of the western Australian 
shelf and many of the conclusions are underpinned by assumptions and make use of literature 
values that should be tested and warrant verifying by targeted investigations. Thus much new 
work is warranted to quantify the importance of mesotrophic habitats to southwest Australian 
ecosystems. 

Key Findings: 

• Reef habitats accounted for >80% of all animal and plant biomass but the water 
column and sediment habitats accounted for about 95% of all primary 
production 

• Over 1/3rd of all primary production on the shelf is benthic primary production 

• Primary production by microphytobenthos is very significant highlighting the 
importance of the large areas of sandy habitat types. 

• 90% of nitrogen used for primary production is recycled on the shelf 

• Model predictions of the requirment for nitrificant  at the sea bed match 
empirical measurements made elsewhere in this study 

• The Beenyup WWTP contributes significant nitrogen at the scale of the study 
region 
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Figure 3.206. Distribution of biomass (wet weight) among depth zones and functional 
taxonomic groups. 
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Table 3.51. Wet Weight biomass distribution by anim al/plant type and depth zone across the 
model domain. 

tonnes WW 100-200 50-100 20-50 0-20 Total 
Phyto/MPB 187.6 35.6 416.8 93.4 733.4 
Kelp 0.0 4909.6 19248.5 52920.0 77078.1 
Other Algae 0.2 540.0 4782.1 52920.0 58242.3 
Seagrass 0.0 0.0 1453.4 1821.9 3275.3 
Filter Feeders 3557.4 6862.0 30275.5 2913.5 43608.3 
Other animals 76.5 510.2 2049.9 934.2 3570.8 
Zooplankton 883.4 176.9 846.7 49.6 1956.5 
Total 4705.1 13034.2 59072.9 111652.6 188464.7 
      
tonnes WW 100-200 50-100 20-50 0-20 Total 
Phyto/MPB 3.99 0.27 0.71 0.08 0.39 
Kelp 0.00 37.67 32.58 47.40 40.90 
Other Algae 0.01 4.14 8.10 47.40 30.90 
Seagrass 0.00 0.00 2.46 1.63 1.74 
Filter Feeders 75.61 52.65 51.25 2.61 23.14 
Other animals 1.63 3.91 3.47 0.84 1.89 
Zooplankton 18.77 1.36 1.43 0.04 1.04 
Total 100.0 100.0 100.0 100.0 100.0 

 
tonnes WW 100-200 50-100 20-50 0-20 Total 
Phyto/MPB 25.58 4.86 56.83 12.73 100.00 
Kelp 0.00 6.37 24.97 68.66 100.00 
Other Algae 0.00 0.93 8.21 90.86 100.00 
Seagrass 0.00 0.00 44.37 55.63 100.00 
Filter Feeders 8.16 15.74 69.43 6.68 100.00 
Other animals 2.14 14.29 57.41 26.16 100.00 
Zooplankton 45.15 9.04 43.27 2.54 100.00 
Total 2.50 6.92 31.34 59.24 100.00 

 
tonnes WW 100-200 50-100 20-50 0-20 Total 
Phyto/MPB 0.10 0.02 0.22 0.05 0.39 
Kelp 0.00 2.61 10.21 28.08 40.90 
Other Algae 0.00 0.29 2.54 28.08 30.90 
Seagrass 0.00 0.00 0.77 0.97 1.74 
Filter Feeders 1.89 3.64 16.06 1.55 23.14 
Other animals 0.04 0.27 1.09 0.50 1.89 
Zooplankton 0.47 0.09 0.45 0.03 1.04 
Total 2.50 6.92 31.34 59.24 100.00 
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Table 3.52. Wet Weight biomass distribution by habi tat type and depth zone across the model 
domain. 

t WW biomass in this depth zone 100-200 50-100 20-50 0-20 Total 
sand habitat 3634 97 284 468 4482 
reef habitat 0 12734 56303 108664 177701 
seagrass meadow 0 0 1456 2455 3911 
water column 1071 203 1031 66 2371 
Total 4705 13034 59073 111653 188465 

 
t WW biomass in this depth zone 100-200 50-100 20-50 0-20 Total 
sand habitat 77.2 0.7 0.5 0.4 2.4 
reef habitat 0.0 97.7 95.3 97.3 94.3 
seagrass meadow 0.0 0.0 2.5 2.2 2.1 
water column 22.8 1.6 1.7 0.1 1.3 
Total 100 100 100 100 100 

 
t WW biomass in this depth zone 100-200 50-100 20-50 0-20 Total 
sand habitat 81.1 2.2 6.3 10.4 100 
reef habitat 0.0 7.2 31.7 61.1 100 
seagrass meadow 0.0 0.0 37.2 62.8 100 
water column 45.2 8.6 43.5 2.8 100 
Total 2.5 6.9 31.3 59.2 100 

 
t WW biomass in this depth zone 100-200 50-100 20-50 0-20 Total 
sand habitat 1.9 0.1 0.2 0.2 2.4 
reef habitat 0.0 6.8 29.9 57.7 94.3 
seagrass meadow 0.0 0.0 0.8 1.3 2.1 
water column 0.6 0.1 0.5 0.0 1.3 
Total 2.5 6.9 31.3 59.2 100 
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Table 3.53. Dry Weight biomass distribution by anim al/plant type and depth zone across the 
model domain. 

tonnes DW 100-200 50-100 20-50 0-20 Total 
Phyto/MPB 37.5 7.1 83.4 18.7 146.7 
Kelp 0.0 931.3 3651.4 10038.9 14621.7 
Other Algae 0.0 102.4 907.2 10038.9 11048.6 
Seagrass 0.0 0.0 145.3 182.2 327.5 
Filter Feeders 481.6 1092.5 4787.6 256.9 6618.6 
Other animals 15.3 102.0 410.0 186.8 714.2 
Zooplankton 176.7 35.4 169.3 9.9 391.3 
Total 711.2 2270.8 10154.2 20732.4 33868.6 
      
tonnes DW 100-200 50-100 20-50 0-20 Total 
Phyto/MPB 5.28 0.31 0.82 0.09 0.43 
Kelp 0.00 41.01 35.96 48.42 43.17 
Other Algae 0.01 4.51 8.93 48.42 32.62 
Seagrass 0.00 0.00 1.43 0.88 0.97 
Filter Feeders 67.72 48.11 47.15 1.24 19.54 
Other animals 2.15 4.49 4.04 0.90 2.11 
Zooplankton 24.84 1.56 1.67 0.05 1.16 
Total 100.0 100.0 100.0 100.0 100.0 

 
tonnes DW 100-200 50-100 20-50 0-20 Total 
Phyto/MPB 25.58 4.86 56.83 12.73 100.00 
Kelp 0.00 6.37 24.97 68.66 100.00 
Other Algae 0.00 0.93 8.21 90.86 100.00 
Seagrass 0.00 0.00 44.37 55.63 100.00 
Filter Feeders 7.28 16.51 72.33 3.88 100.00 
Other animals 2.14 14.29 57.41 26.16 100.00 
Zooplankton 45.15 9.04 43.27 2.54 100.00 
Total 2.10 6.70 29.98 61.21 100.00 

 
tonnes DW 100-200 50-100 20-50 0-20 Total 
Phyto/MPB 0.11 0.02 0.25 0.06 0.43 
Kelp 0.00 2.75 10.78 29.64 43.17 
Other Algae 0.00 0.30 2.68 29.64 32.62 
Seagrass 0.00 0.00 0.43 0.54 0.97 
Filter Feeders 1.42 3.23 14.14 0.76 19.54 
Other animals 0.05 0.30 1.21 0.55 2.11 
Zooplankton 0.52 0.10 0.50 0.03 1.16 
Total 2.10 6.70 29.98 61.21 100.00 
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Table 3.54. Dry Weight distribution by habitat type  and depth zone across the model domain. 

t DW biomass in this depth zone 100-200 50-100 20-50 0-20 Total 
sand habitat 497 16 56 94 663 
reef habitat 0 2214 9756 20398 32368 
seagrass meadow 0 0 135 228 363 
water column 214 41 206 13 474 
Total 711 2271 10154 20732 33869 

 
%t DW biomass in this depth zone 100-200 50-100 20-50 0-20 Total 
sand habitat 69.9 0.7 0.6 0.5 2.0 
reef habitat 0.0 97.5 96.1 98.4 95.6 
seagrass meadow 0.0 0.0 1.3 1.1 1.1 
water column 30.1 1.8 2.0 0.1 1.4 
Total 100 100 100 100 100 

 
%t DW biomass in this depth zone 100-200 50-100 20-50 0-20 Total 
sand habitat 75.0 2.4 8.5 14.1 100 
reef habitat 0.0 6.8 30.1 63.0 100 
seagrass meadow 0.0 0.0 37.2 62.8 100 
water column 45.2 8.6 43.5 2.8 100 
Total 2.1 6.7 30.0 61.2 100 

 
%t DW biomass in this depth zone 100-200 50-100 20-50 0-20 Total 
sand habitat 1.5 0.0 0.2 0.3 2.0 
reef habitat 0.0 6.5 28.8 60.2 95.6 
seagrass meadow 0.0 0.0 0.4 0.7 1.1 
water column 0.6 0.1 0.6 0.0 1.4 
Total 2.1 6.7 30.0 61.2 100 
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Figure 3.207. Distribution of organic carbon among depth zones and functional taxonomic 
groups. 
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Table 3.55. Organic Carbon biomass distribution by animal/plant type and depth zone across 
the model domain. 

tonnes organic C 100-200 50-100 20-50 0-20 Total 
Phyto/MPB 93.8 17.8 208.4 46.7 366.7 
Kelp 0.0 343.7 1347.4 3704.4 5395.4 
Other Algae 11.7 25.4 225.0 2489.7 2751.7 
Seagrass 0.0 0.0 48.8 61.2 110.1 
Filter Feeders 118.0 263.4 1149.0 62.3 1592.7 
Other animals 6.7 44.9 180.4 82.2 314.2 
Zooplankton 62.9 12.6 60.3 3.5 139.3 
Total 293.2 707.8 3219.3 6449.9 10670.2 
      
tonnes organic C 100-200 50-100 20-50 0-20 Total 
Phyto/MPB 32.00 2.52 6.47 0.72 3.44 
Kelp 0.00 48.56 41.85 57.43 50.57 
Other Algae 3.99 3.59 6.99 38.60 25.79 
Seagrass 0.00 0.00 1.52 0.95 1.03 
Filter Feeders 40.26 37.22 35.69 0.97 14.93 
Other animals 2.30 6.34 5.60 1.27 2.94 
Zooplankton 21.45 1.78 1.87 0.05 1.31 
Total 100.0 100.0 100.0 100.0 100.0 

 
tonnes C 100-200 50-100 20-50 0-20 Total 
Phyto/MPB 25.58 4.86 56.83 12.73 100 
Kelp 0.00 6.37 24.97 68.66 100 
Other Algae 0.43 0.92 8.18 90.48 100 
Seagrass 0.00 0.00 44.37 55.63 100 
Filter Feeders 7.41 16.54 72.14 3.91 100 
Other animals 2.14 14.29 57.41 26.16 100 
Zooplankton 45.15 9.04 43.27 2.54 100 
Total 2.75 6.63 30.17 60.45 100 

 
tonnes C 100-200 50-100 20-50 0-20 Total 
Phyto/MPB 0.88 0.17 1.95 0.44 3.44 
Kelp 0.00 3.22 12.63 34.72 50.57 
Other Algae 0.11 0.24 2.11 23.33 25.79 
Seagrass 0.00 0.00 0.46 0.57 1.03 
Filter Feeders 1.11 2.47 10.77 0.58 14.93 
Other animals 0.06 0.42 1.69 0.77 2.94 
Zooplankton 0.59 0.12 0.56 0.03 1.31 
Total 2.75 6.63 30.17 60.45 100 
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Table 3.56.  Organic Carbon biomass distribution by  habitat type and depth zone across the 
model domain. 

t organic carbon total in this depth zone 100-200 50-100 20-50 0-20 Total 
sand habitat 136 9 120 73 338 
reef habitat 0 673 2904 6293 9870 
seagrass meadow 0 0 43 72 115 
water column 157 26 152 12 346 
Total 293 708 3219 6450 10670 

 
t organic carbon total in this depth zone 100-200 50-100 20-50 0-20 Total 
sand habitat 46.5 1.2 3.7 1.1 3.2 
reef habitat 0.0 95.1 90.2 97.6 92.5 
seagrass meadow 0.0 0.0 1.3 1.1 1.1 
water column 53.5 3.6 4.7 0.2 3.2 
Total 100 100 100 100 100 

 
t organic carbon total in this depth zone 100-200 50-100 20-50 0-20 Total 
sand habitat 40.3 2.5 35.6 21.6 100 
reef habitat 0.0 6.8 29.4 63.8 100 
seagrass meadow 0.0 0.0 37.2 62.8 100 
water column 45.2 7.5 43.9 3.4 100 
Total 2.7 6.6 30.2 60.4 100 

 
t organic carbon total in this depth zone 100-200 50-100 20-50 0-20 Total 
sand habitat 1.3 0.1 1.1 0.7 3.2 
reef habitat 0.0 6.3 27.2 59.0 92.5 
seagrass meadow 0.0 0.0 0.4 0.7 1.1 
water column 1.5 0.2 1.4 0.1 3.2 
Total 2.7 6.6 30.2 60.4 100 
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Figure 3.208. Distribution of total nitrogen among depth zones and functional taxonomic 
groups. 
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Table 3.57. Nitrogen distribution by animal/plant t ype and depth zone across the model domain 

tonnes N 100-200 50-100 20-50 0-20 Total 
Phyto/MPB 15.1 2.9 33.6 7.5 59.2 
Kelp 0.0 14.0 54.8 150.6 219.3 
Other Algae 0.0 1.9 17.2 190.7 209.9 
Seagrass 0.0 0.0 2.8 3.5 6.3 
Filter Feeders 14.8 33.3 146.2 8.1 202.4 
Other animals 1.7 11.4 45.7 20.9 79.8 
Zooplankton 16.6 3.3 15.9 0.9 36.8 
Total 48.2 66.9 316.2 382.3 813.6 
      
tonnes N 100-200 50-100 20-50 0-20 Total 
Phyto/MPB 31.38 4.30 10.63 1.97 7.27 
Kelp 0.00 20.89 17.32 39.39 26.96 
Other Algae 0.00 2.91 5.45 49.89 25.80 
Seagrass 0.00 0.00 0.88 0.91 0.77 
Filter Feeders 30.62 49.83 46.22 2.12 24.87 
Other animals 3.55 17.09 14.46 5.47 9.81 
Zooplankton 34.44 4.97 5.03 0.24 4.52 
Total 100 100 100 100 100 

 
tonnes N 100-200 50-100 20-50 0-20 Total 
Phyto/MPB 25.58 4.86 56.83 12.73 100 
Kelp 0.00 6.37 24.97 68.66 100 
Other Algae 0.00 0.93 8.21 90.86 100 
Seagrass 0.00 0.00 44.37 55.63 100 
Filter Feeders 7.30 16.47 72.23 4.01 100 
Other animals 2.15 14.32 57.31 26.22 100 
Zooplankton 45.15 9.04 43.27 2.54 100 
Total 5.93 8.22 38.87 46.99 100 

 
tonnes N 100-200 50-100 20-50 0-20 Total 
Phyto/MPB 1.86 0.35 4.13 0.93 7.27 
Kelp 0.00 1.72 6.73 18.51 26.96 
Other Algae 0.00 0.24 2.12 23.44 25.80 
Seagrass 0.00 0.00 0.34 0.43 0.77 
Filter Feeders 1.81 4.10 17.97 1.00 24.87 
Other animals 0.21 1.40 5.62 2.57 9.81 
Zooplankton 2.04 0.41 1.96 0.11 4.52 
Total 5.93 8.22 38.87 46.99 100 
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Table 3.58. Nitrogen distribution by habitat type a nd depth zone across the model domain. 

t nitrogen total in this depth zone 100-200 50-100 20-50 0-20 Total 
sand habitat 16 1 20 15 53 
reef habitat 0 60 263 360 683 
seagrass meadow 0 0 3 5 8 
water column 32 5 31 2 70 
Total 48 67 316 382 814 

 
%t nitrogen total in this depth zone 100-200 50-100 20-50 0-20 Total 
sand habitat 34.2 2.1 6.2 3.9 6.5 
reef habitat 0.0 89.7 83.1 94.1 83.9 
seagrass meadow 0.0 0.0 0.9 1.4 1.0 
water column 65.8 8.2 9.7 0.6 8.6 
Total 100 100 100 100 100 

 
%t nitrogen total in this depth zone 100-200 50-100 20-50 0-20 Total 
sand habitat 31.4 2.7 37.4 28.5 100 
reef habitat 0.0 8.8 38.5 52.7 100 
seagrass meadow 0.0 0.0 35.8 64.2 100 
water column 45.2 7.8 43.8 3.2 100 
Total 5.9 8.2 38.9 47.0 100 

 
%t nitrogen total in this depth zone 100-200 50-100 20-50 0-20 Total 
sand habitat 2.0 0.2 2.4 1.8 6.5 
reef habitat 0.0 7.4 32.3 44.2 83.9 
seagrass meadow 0.0 0.0 0.4 0.6 1.0 
water column 3.9 0.7 3.8 0.3 8.6 
Total 5.9 8.2 38.9 47.0 100 
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Figure 3.209. Distribution of organic carbon among depth zones and functional taxonomic 
groups (includes sediment component). 
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Table 3.59. Organic carbon biomass distribution by animal/plant type and depth zone across 
the model domain (including organic carbon in top 2 cm sediment).  

tonnes organic C 100-200 50-100 20-50 0-20 Total 
Phyto/MPB 93.8 17.8 208.4 46.7 366.7 
Kelp 0.0 343.7 1347.4 3704.4 5395.4 
Other Algae 11.7 25.4 225.0 2489.7 2751.7 
Seagrass 0.0 0.0 48.8 61.2 110.1 
Filter Feeders 118.0 263.4 1149.0 62.3 1592.7 
Other animals 6.7 44.9 180.4 82.2 314.2 
Zooplankton 62.9 12.6 60.3 3.5 139.3 
Sediment 214.9 152.2 2785.7 380.6 3533.3 
Total 508.0 860.0 6005.0 6830.5 14203.5 
      
% tonnes organic C 100-200 50-100 20-50 0-20 Total 
Phyto/MPB 18.47 2.07 3.47 0.68 2.58 
Kelp 0.00 39.96 22.44 54.23 37.99 
Other Algae 2.30 2.95 3.75 36.45 19.37 
Seagrass 0.00 0.00 0.81 0.90 0.77 
Filter Feeders 23.23 30.63 19.13 0.91 11.21 
Other animals 1.32 5.22 3.00 1.20 2.21 
Zooplankton 12.38 1.46 1.00 0.05 0.98 
Sediment 42.29 17.70 46.39 5.57 24.88 
Total 100.0 100.0 100.0 100.0 100.0 

 
% tonnes organic C 100-200 50-100 20-50 0-20 Total 
Phyto/MPB 25.58 4.86 56.83 12.73 100 
Kelp 0.00 6.37 24.97 68.66 100 
Other Algae 0.43 0.92 8.18 90.48 100 
Seagrass 0.00 0.00 44.37 55.63 100 
Filter Feeders 7.41 16.54 72.14 3.91 100 
Other animals 2.14 14.29 57.41 26.16 100 
Zooplankton 45.15 9.04 43.27 2.54 100 
Sediment 6.08 4.31 78.84 10.77 100 
Total 3.58 6.05 42.28 48.09 100 

 
% tonnes organic C 100-200 50-100 20-50 0-20 Total 
Phyto/MPB 0.66 0.13 1.47 0.33 2.58 
Kelp 0.00 2.42 9.49 26.08 37.99 
Other Algae 0.08 0.18 1.58 17.53 19.37 
Seagrass 0.00 0.00 0.34 0.43 0.77 
Filter Feeders 0.83 1.85 8.09 0.44 11.21 
Other animals 0.05 0.32 1.27 0.58 2.21 
Zooplankton 0.44 0.09 0.42 0.02 0.98 
Sediment 1.51 1.07 19.61 2.68 24.88 
Total 3.58 6.05 42.28 48.09 100 
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Table 3.60. Organic carbon distribution by habitat type and depth zone across the model 
domain (including organic carbon in top 2cm sedimen t)  

t organic carbon total in this depth zone 100-200 50-100 20-50 0-20 Total 
sand habitat 351 161 2906 454 3872 
reef habitat 0 673 2904 6293 9870 
seagrass meadow 0 0 43 72 115 
water column 157 26 152 12 346 
Total 508 860 6005 6831 14204 

 
%t organic carbon total in this depth zone 100-200 50-100 20-50 0-20 Total 
sand habitat 69.2 18.7 48.4 6.6 27.3 
reef habitat 0.0 78.3 48.4 92.1 69.5 
seagrass meadow 0.0 0.0 0.7 1.1 0.8 
water column 30.8 3.0 2.5 0.2 2.4 
Total 100 100 100 100 100 

 
%t organic carbon total in this depth zone 100-200 50-100 20-50 0-20 Total 
sand habitat 9.1 4.2 75.1 11.7 100 
reef habitat 0.0 6.8 29.4 63.8 100 
seagrass meadow 0.0 0.0 37.2 62.8 100 
water column 45.2 7.5 43.9 3.4 100 
Total 3.6 6.1 42.3 48.1 100 

 
%t organic carbon total in this depth zone 100-200 50-100 20-50 0-20 Total 
sand habitat 2.5 1.1 20.5 3.2 27.3 
reef habitat 0.0 4.7 20.4 44.3 69.5 
seagrass meadow 0.0 0.0 0.3 0.5 0.8 
water column 1.1 0.2 1.1 0.1 2.4 
Total 3.6 6.1 42.3 48.1 100 
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Figure 3.210. Distribution of total nitrogen among depth zones and functional taxonomic 
groups (includes water column and sediment componen ts). 
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Table 3.61. Nitrogen distribution by animal/plant t ype and depth zone across the model domain 
(including total nitrogen in top 2cm sediment and w ater column DIN). 

tonnes N 100-200 50-100 20-50 0-20 Total 
Phyto/MPB 15.1 2.9 33.6 7.5 59.2 
Kelp 0.0 14.0 54.8 150.6 219.3 
Other Algae 0.0 1.9 17.2 190.7 209.9 
Seagrass 0.0 0.0 2.8 3.5 6.3 
Filter Feeders 14.8 33.3 146.2 8.1 202.4 
Other animals 1.7 11.4 45.9 20.9 80.0 
Zooplankton 16.6 3.3 15.9 0.9 36.8 
Sediment 43.0 30.6 561.6 77.6 712.8 
Water Column 3.2 0.4 4.0 0.3 7.9 
Total 94.4 97.9 882.1 460.2 1534.6 
      
% tonnes N 100-200 50-100 20-50 0-20 Total 
Phyto/MPB 16.03 2.93 3.81 1.64 3.85 
Kelp 0.00 14.27 6.21 32.72 14.29 
Other Algae 0.00 1.99 1.95 41.45 13.68 
Seagrass 0.00 0.00 0.32 0.76 0.41 
Filter Feeders 15.64 34.03 16.57 1.76 13.19 
Other animals 1.82 11.67 5.21 4.55 5.21 
Zooplankton 17.60 3.40 1.80 0.20 2.40 
Sediment 45.53 31.26 63.67 16.87 46.45 
Water Column 3.38 0.46 0.46 0.06 0.52 
Total 100 100 100 100 100 

 
% tonnes N 100-200 50-100 20-50 0-20 Total 
Phyto/MPB 25.58 4.86 56.83 12.73 100 
Kelp 0.00 6.37 24.97 68.66 100 
Other Algae 0.00 0.93 8.21 90.86 100 
Seagrass 0.00 0.00 44.37 55.63 100 
Filter Feeders 7.30 16.47 72.23 4.01 100 
Other animals 2.14 14.29 57.41 26.16 100 
Zooplankton 45.15 9.04 43.27 2.54 100 
Sediment 6.03 4.29 78.79 10.89 100 
Water Column 40.21 5.64 50.81 3.34 100 
Total 6.15 6.38 57.48 29.99 100 

 
% tonnes N 100-200 50-100 20-50 0-20 Total 
Phyto/MPB 0.99 0.19 2.19 0.49 3.85 
Kelp 0.00 0.91 3.57 9.81 14.29 
Other Algae 0.00 0.13 1.12 12.43 13.68 
Seagrass 0.00 0.00 0.18 0.23 0.41 
Filter Feeders 0.96 2.17 9.53 0.53 13.19 
Other animals 0.11 0.74 2.99 1.36 5.21 
Zooplankton 1.08 0.22 1.04 0.06 2.40 
Sediment 2.80 1.99 36.60 5.06 46.45 
Water Column 0.21 0.03 0.26 0.02 0.52 
Total 6.15 6.38 57.48 29.99 100 

Table 3.62. Nitrogen distribution by habitat type a nd depth zone across the model domain 
(including total nitrogen in top 2cm sediment and w ater column DIN). 
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t N total in this depth zone 100-200 50-100 20-50 0-20 Total 
sand habitat 59 32 581 93 765 
reef habitat 0 60 263 360 683 
seagrass meadow 0 0 3 5 8 
water column 35 6 35 3 78 
Total 94 98 882 460 1535 

 
%t N total in this depth zone 100-200 50-100 20-50 0-20 Total 
sand habitat 63.0 32.7 65.9 20.1 49.9 
reef habitat 0.0 61.3 29.8 78.2 44.5 
seagrass meadow 0.0 0.0 0.3 1.1 0.5 
water column 37.0 6.0 3.9 0.5 5.1 
Total 100 100 100 100 100 

 
%t N total in this depth zone 100-200 50-100 20-50 0-20 Total 
sand habitat 7.8 4.2 76.0 12.1 100 
reef habitat 0.0 8.8 38.5 52.7 100 
seagrass meadow 0.0 0.0 37.2 62.8 100 
water column 44.7 7.6 44.5 3.2 100 
Total 6.2 6.4 57.5 30.0 100 

 
%t N total in this depth zone 100-200 50-100 20-50 0-20 Total 
sand habitat 3.9 2.1 37.9 6.0 49.9 
reef habitat 0.0 3.9 17.1 23.5 44.5 
seagrass meadow 0.0 0.0 0.2 0.3 0.5 
water column 2.3 0.4 2.3 0.2 5.1 
Total 6.2 6.4 57.5 30.0 100 
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Figure 3.211. Distribution of sources of primary pr oduction among depth zones and functional 
taxonomic plant groups. 
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Table 3.63. Distribution of primary production (ton nes carbon) by plant type and depth zone 
across the model domain.  

tonnes C per year 100-200 50-100 20-50 0-20 Total 
MPB 0.0 376.8 18855.1 4899.3 24131.2 
Kelp 0.0 130.1 510.1 1402.4 2042.7 
Other Algae 0.0 21.5 190.1 2103.7 2315.2 
Seagrass 0.0 0.0 35.0 43.8 78.8 
Phytoplankton 16622.1 4664.7 30010.3 2299.5 53596.6 
Total 16622.1 5193.1 49600.6 10748.7 82164.4 

 
% tonnes C per year 100-200 50-100 20-50 0-20 Total 
MPB 0.00 7.26 38.01 45.58 29.37 
Kelp 0.00 2.51 1.03 13.05 2.49 
Other Algae 0.00 0.41 0.38 19.57 2.82 
Seagrass 0.00 0.00 0.07 0.41 0.10 
Phytoplankton 100.00 89.83 60.50 21.39 65.23 
Total 100.0 100.0 100.0 100.0 100.0 

 
% tonnes C per year 100-200 50-100 20-50 0-20 Total 
MPB 0.00 1.56 78.14 20.30 100.00 
Kelp 0.00 6.37 24.97 68.66 100.00 
Other Algae 0.00 0.93 8.21 90.86 100.00 
Seagrass 0.00 0.00 44.37 55.63 100.00 
Phytoplankton 31.01 8.70 55.99 4.29 100.00 
Total 20.23 6.32 60.37 13.08 100.00 

 
% tonnes C per year 100-200 50-100 20-50 0-20 Total 
MPB 0.00 0.46 22.95 5.96 29.37 
Kelp 0.00 0.16 0.62 1.71 2.49 
Other Algae 0.00 0.03 0.23 2.56 2.82 
Seagrass 0.00 0.00 0.04 0.05 0.10 
Phytoplankton 20.23 5.68 36.52 2.80 65.23 
Total 20.23 6.32 60.37 13.08 100.00 

 

 



IMPROVED DESCRIPTIONS AND CONCEPTUAL MODELS 

WAMSI Node 1 Project 1 Annexure A• 30 June, 2011 395 

Table 3.64. Distribution of Primary production (tonn es C per year) by habitat type and depth 
zone across the model domain. 

t C production total in this depth 
zone 100-200 50-100 20-50 0-20 Total 
sand habitat 0 377 18856 4899 24132 
reef habitat 0 152 709 3506 4366 
seagrass meadow 0 0 26 44 70 
water column 16622 4665 30010 2300 53597 
Total 16622 5193 49601 10749 82164 

  
% t C production total in this depth 
zone 100-200 50-100 20-50 0-20 Total 
sand habitat 0.0 7.3 38.0 45.6 29.4 
reef habitat 0.0 2.9 1.4 32.6 5.3 
seagrass meadow 0.0 0.0 0.1 0.4 0.1 
water column 100.0 89.8 60.5 21.4 65.2 
Total 100 100 100 100 100 

 
% t C production total in this depth 
zone 100-200 50-100 20-50 0-20 Total 
sand habitat 0.0 1.6 78.1 20.3 100 
reef habitat 0.0 3.5 16.2 80.3 100 
seagrass meadow 0.0 0.0 37.2 62.8 100 
water column 31.0 8.7 56.0 4.3 100 
Total 20.2 6.3 60.4 13.1 100 

 
% t C production total in this depth 
zone 100-200 50-100 20-50 0-20 Total 
sand habitat 0.0 0.5 22.9 6.0 29.4 
reef habitat 0.0 0.2 0.9 4.3 5.3 
seagrass meadow 0.0 0.0 0.0 0.1 0.1 
water column 20.2 5.7 36.5 2.8 65.2 
Total 20.2 6.3 60.4 13.1 100 
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Table 3.65. Nitrogen budget for continental shelf o ff Marmion based on benthic model of 
biomass and primary production presented here compa red with budget for entire west coast 
between North West Cape and Cape Leeuwin (Feng and Wild Allen 2010) All calculations follow 
the Feng and Wild Allen (2010) model except we adju st the new nitrogen supply from upwelling 
down from 1.2 gN per m 2 per year to 0.1 gN per m 2 per year to reflect conditions off Marmion 
(upwelling is more important in the region north of  the Abrolhos (which forms part of the Feng 
and Wild Allen 2010 model domain) than off Marmion,  see also Chapter 2 this study). 

Nutrient Budget     

Calculation of N requirement for PP on the shelf 

From 
Benthic 
model 

From Feng and 
Wild Allen (2010) 

Refield ratio C:N = 106:16 6.625 6.625 
Pelagic PP on shelf (gC per m2 per year) 80 98 
N requirement for pelagic PP (gN per m2 per year) 12.08 14.8 
Benthic PP on shelf (gC per m2 per year) 42.7 13 
N requirement for benthic PP (gN per m2 per year) 6.45 2 
Total N requirment (gN per m2 per year) 18.52 16.80 

Model Domain 

Seaward of 
Marmion 
to 200m 

NW Cape to 
Cape Leeuwin to 
200m 

Area (km2) 669 98000 
Total tonnes N requirement 12390 1646400 
Sources of Nitrogen for PP (gN per m2 per year)     
f(pelagic)=PP from nitrate/PP total  0.5 0.5 
f(benthic)=PP from nitrate/PP total  0.8 0.8 
pelagic PP from Nitrate  6.04 7.40 
benthic PP from Nitrate 5.16 1.60 
pelagic PP from Ammonia 6.04 7.40 
benthic PP from Ammonia 1.29 0.40 
Sources of N to balance primary production 
requirement     
Sources of N to shelf (gN per m2 per year)   
Rain 0.02 0.02 
N Fixation 0.07 0.07 
Terrestrial 0.07 0.07 
Upwelling 0.10 1.20 
LC Advection 1.40 1.40 
Recycled sources (gN per m2 per year)   
Nitrification at benthos required to balance budget 9.53 6.24 
Directly recycled ammonia 7.33 7.80 
Total sources required (gN per m2 per year) 18.52 16.80 
Fate of N from primary production (gN per m2 per 
year)     
Directly recycled ammonia 7.33 7.80 
To detritus in benthos 10.09 7.90 
Losses of N (gN per m2 per year)   
Losses of N from the shelf   
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Nutrient Budget     

Eddy export 0.60 0.60 
Ekman transport 0.20 0.20 
LC Advection 0.30 0.30 
Denitrification and burial 0.56 1.66 

  Proportion nitrogen recycled on shelf          90%     84% 

 

Table 3.66. Organic carbon biomass and production e stimates for the shelf benthic model 
domain. 

  

Standing 
Biomass (t 

OC) 

Productivity    
(t OC per 

year) 

% of 
Standing 
Biomass 

Phytoplankton 207 53597 25892 
MPB 159 24131 15177 
Kelp/Algae/Seagrass 8257 4437 54 
Filter Feeders 1593   
Other animals 314   
Sediment 3533     

Total 14063 82165 584 
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4. SIMPLE MODELS FOR ASSESSING IMPACTS OF 
NUTRIENT ENRICHMENT 

Martin Lourey, John Keesing, Peter Thompson, Tennil le Irvine, James McLaughlin, Guy 
Abell, Doug Bearham, Lesley Clementson, Jim Gunson,  Peter Hughes, Fiona Graham and 
Stan Robert. 

CSIRO Marine and Atmospheric Research 
 
Objective 4: Develop simple models for assessing and predicting impacts of physical 
forcing factors, primarily nutrients, on key benthic functional groups/habitats informed 
by experiments and observations conducted across a range of naturally varying and 
anthropogenically altered gradients related to nutrient enrichment. 

4.1 Introduction 

 
Rapid population growth, combined with associated industrial development and urbanisation 
has placed increasing pressure on the coastal environment in south Western Australia. There is 
increasing concern about the effects of anthropogenic nutrients from waste water discharge 
(Thompson and Waite, 2003), contaminated ground water (Johannes, 1980), riverine discharge 
(Black et al., 1981) and run off from agricultural drains and canals (McMahon and Walker, 
1998) on the WA marine environment.  The effects of nutrients discharged into the Western 
Australian coastal zone are, however, poorly understood. Increased nutrient loadings have the 
capacity to significantly enhance primary production at the continental shelf scale and cause 
eutrophication plus hypoxia in some ecosystems (Diaz and Rosenberg, 2008). Benthic plants 
may be susceptible to such discharge by favouring one group of primary producers over another 
and could generate regime shift. For example, increased nutrient loadings stimulating enhanced 
epiphyte growth may have contributed to a large scale reduction in the extent of seagrass beds 
in Cockburn Sound (Cambridge et al., 1986) and variations in phytoplankton community 
structure have been identified around metropolitan waste water discharges (Thompson and 
Waite, 2003). Increased anthropogenic nutrients may also increase detrital loads to the 
sediments which have the potential to considerably influence soft bottom biogeochemical 
proceses, infaunal invertebrate communities and macroinvertebrate grazer communities 
(Pearson and Rosenberg (1978).  

 
Benthic microalgae (BMA) are a major source of primary production in shallow coastal waters 
(see Chapter 3, this study) and can respond rapidly to increased nutrient loads. Nutrient 
enrichment can increase BMA biomass (Sundback and Snoeijs 1991) and alter their 
photosynthetic characteristics (Dizon and Yap, 1999). However, competitive interactions have 
been observed leading to reduced species diversity in the BMA community (Hilledrand and 
Sommer, 1997). While nutrient enrichment leads to an increase in BMA biomass, grazing by 
herbivores can have a strong negative effect on microalgal biomass, species composition and 
diversity. Grazing of microalgae has been shown to increase with increasing nutrient 
availability so assessing the functional response of herbivores to nutrient enrichment is a vital 
component of understanding the effects of nutrient enrichment (Hillebrand et al., 2000). In this 
chapter we measure a suite of parameters designed to characterise the BMA community 
response to environmental forcing.   
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Macroinvertebrate communities can respond to and even modify the magnitude of the 
autotrophic response to nutrient enrichment (Leibold and Wilber 1992). Grazers may respond 
to increased sedimentation from stimulated pelagic production or increased benthic algal 
biomass and enrichment may make fundamental change to food web dynamics. In some cases, 
the effect of nutrient enrichment of the marine environment may be important in ecological 
terms but nevertheless subtle and difficult to detect. Differences in species composition, 
distribution, abundance, biomass and secondary production of infauna and macro-invertebrates 
can combine yield a sensitive tool for investigating disturbance. One way of assessing 
ecosystem response to anthropogenic pressure is to compare biological features across existing 
gradients of one or more variables of interest. By sampling across natural and anthropogenic 
gradients of sediment nutrient enrichment, soft bottom communities in the Perth and mid-west 
region were assessed for spatial differences in primary producer and heterotrophy communites 
and an attempt was made to relate any between site variability to differences in the 
environmental conditions. Here we compare environmental and biotic attributes along a pre-
existing sediment nutrient (Total Organic Nitrogen concentration) gradient. We have sampled a 
large number of sites with a range of sediment nutrient characteristics designed to provide a 
gradient of sediment nutrient enrichment in shallow nearshore sediment habitats from low 
(Marmion lagoon) to high (Cockburn Sound) and a gradient of exposure to physical dynamics 
from onshore to offshore in both Marmion lagoon and Cockburn Sound. Our goal was to 
develop an improved capacity to assess, monitor and predict likely changs in nearshore soft 
sediment habitats in ways that will help manage these coastal environments.  

4.2 Methodology 

Twenty-nine sites were surveyed (Figure 4.1): 13 in Marmion Marine Park (one near (i.e.<25m) 
the Ocean Reef sewage outfall (called Marmion Outfall) and the remaining forming transects 
across a depth gradient with 4 inner lagoon, 4 mid lagoon and 4 outer (outside the lagoon) (see 
Figure 4.2), 6 in Cockburn Sound (5 forming a transect along a sediment nutrient gradient at the 
northern end and one at the southern end), 2 sites between these locations at City Beach and 
Port Beach, one within the Swan River and 7 at Jurien Bay to the north. Some of these sites are 
considered replicates of a location and have been pooled for analyses while other sites although 
occurring in proximity to one another are considered individual sites due to differences in 
natural and anthropogenic stresses. The seven Jurien sites (JV007, Favourite, Dry Lumps, 
South Bay, Fishermans, Essex and Boullanger North) have been pooled as the Jurien location. 
Similarly, South Lumps, Whitford Rock, Wreck Rock and Cow Rock make up the Marmion 
Inner location; MM1, MM2, MM3 and MM4 comprise Marmion Mid; and MM_11, MOF2, 
M3MRS and M3MRN are Marmion Outer. More intensive investigations of 
respiration/biological oxygen demand, primary production by BMA, microbial nitrogen 
dynamics and rates of sediment nutrient efflux were conducted at a subset of six of the above 
stations distributed evenly across the latitudinal spread of stations (from the Marmion outfall in 
the North to Southern Flats in the south. The subset of stations included three within Cockburn 
Sound and three outside of the sound. The exact location of each of the sampling sites is shown 
in Table 4.1. 
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Figure 4.1. Site locations for soft sediment survey.  Bottom figure shows detail in the 
metropolitan area. 
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Figure 4.2. Site locations (blue circles) in Marmion  Marine Park, shown on Habitat Map (DEC, 
2002). The stations are arranged across a depth gra dient with 4 inner lagoon, 4 mid lagoon and 
4 outer stations (located outside the lagoon). 
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Table 4.1. List of sites sampled and their exact lo cations and dates sampled. Note that the Port 
Beach site is referred to in some figures and table s as “Hall Bank”, however the site is not 
located on the reef off Fremantle known as Hall Ban k. ns indicates not sampled. 

 

Location Site Latitude 
Longitud

e 

Sediment 
sampling 
2008/2009 

Sediment 
sampling 

2010 

PAM 
fluorometry 

and 
phytopigments 

Primary 
Production 

and 
community 
respiration 

Jurien Bay JV007 -30.3625 115.0042 7/04/2008 ns ns ns 

Jurien Bay Favourite -30.2801 115.0092 7/04/2008 ns ns ns 

Jurien Bay Dry Lumps -30.1188 114.953 8/04/2008 ns ns ns 

Jurien Bay South Bay -30.1035 114.966 8/04/2008 ns ns ns 

Jurien Bay Fishermans -30.138 114.9923 8/04/2008 ns ns ns 

Jurien Bay Essex -30.3489 115.003 9/04/2008 ns ns ns 

Jurien Bay 
Boullanger 

North -30.3255 115.0035 11/04/2008 ns 
ns 

ns 

Marmion 
inshore 

Marmion  
Outfall -31.7632 115.7112 30/03/2009 30/03/2010 

30/03/2009 7/12/2009 
7/12/2009 23/08/2010 
2/06/2010   

Marmion 
inshore South Lumps -31.7935 115.7171 4/03/2008 30/03/2010 

27/11/2008 

ns 

14/12/2009 

4/06/2010 

Marmion 
inshore Whitford Rock -31.7985 115.7189 7/03/2008 ns 

27/11/2008 

ns 

10/12/2009 

4/06/2010 

Marmion 
inshore Wreck Rock -31.8027 115.7198 14/03/2008 ns 

27/11/2008 

ns 

10/12/2009 

1/06/2010 

Marmion 
inshore Cow Rock -31.8184 115.7274 14/03/2008 30/03/2010 

26/11/2008 

ns 

11/12/2009 

1/06/2010 

Marmion mid MM1 -31.778 115.6977 13/02/2008 30/03/2010 

2/12/2008 

ns 

10/12/2009 

2/06/2010 

Marmion mid MM2 -31.7728 115.6902 13/02/2008 ns 

2/12/2008 

ns 

14/12/2009 

2/06/2010 

Marmion mid MM3 -31.8193 115.7096 7/02/2008 ns 

26/11/2008 

ns 

11/12/2009 

11/06/2010 

Marmion mid MM4 -31.8225 115.71 7/02/2008 30/03/2010 

28/11/2008 

ns 

14/12/2009 

18/06/2010 

Marmion mid AA -31.835 115.7131 ns ns 

1/12/2008 

ns 

15/12/2009 

18/06/2010 

Marmion mid BB -31.8278 115.71715 ns ns 

28/11/2008 2/12/2009 
15/12/2009 25/08/2010 
18/06/2010   

Marmion 
offshore MM_11 -31.8082 115.6814 17/03/2008 ns 

1/12/2008 

ns 10/12/2009 
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Location Site Latitude 
Longitud

e 

Sediment 
sampling 
2008/2009 

Sediment 
sampling 

2010 

PAM 
fluorometry 

and 
phytopigments 

Primary 
Production 

and 
community 
respiration 

1/06/2010 

Marmion 
offshore MOF2 -31.8137 115.6844 8/02/2008 30/03/2010 

1/12/2008 

ns 

11/12/2009 

11/06/2010 

Marmion 
offshore M3MRS -31.83 115.6863 14/02/2008 30/03/2010 

26/11/2008 

ns 

11/12/2009 

11/06/2010 

Marmion 
offshore M3MRN -31.8019 115.6802 17/03/2008 Ns 

14/12/2009 

ns 4/06/2010 

Fremantle 
location City Beach -31.9405 115.7517 3/04/2008 30/03/2010 

24/11/2008 30/11/2009 
16/12/2009 11/08/2010 
10/06/2010   

Fremantle 
location Port Beach -32.0393 115.7297 18/03/2008 30/03/2010 

24/11/2008 

ns 

16/12/2009 

10/06/2010 

Cockburn 
Sound 

Northern 
Harbour -32.142 115.7648 31/03/2009 31/03/2010 

25/11/2008 16/11/2009 
17/12/2009 18/08/2010 
8/06/2010   

Cockburn 
Sound Jervoise Bank -32.1536 115.7508 19/03/2008 31/03/2010 

25/11/2008 

ns 

17/12/2009 

8/06/2010 

Cockburn 
Sound 

Cockburn 
Sound -32.1378 115.7309 20/03/2008 31/03/2010 

25/11/2008 11/11/2009 
17/12/2009 30/08/2010 
8/06/2010   

Cockburn 
Sound Parmelia Bank -32.1333 115.7134 19/03/2008 31/03/2010 

ns 
ns 

Cockburn 
Sound Carnac -32.128 115.6855 2/04/2008 31/03/2010 

25/11/2008 

ns 

17/12/2009 

9/06/2010 

Cockburn 
Sound Southern Flats -32.269 115.7145 2/04/2008 31/03/2010 

25/11/2008 23/11/2009 
17/12/2009 16/08/2010 
9/06/2010   

Swan River 
Blackwall 

Reach -32.0212 115.7814 21/04/2008 31/03/2010 

24/11/2008 

ns 

16/12/2009 

10/06/2010 

 
For ease of reference, the large number of parameters measured in the study are set out in Table 
4.2 and the methods used for each are described below.
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Table 4.2. Parameters measured or estimated.  

Parameter measured 2008/2009 2009/2010 Winter 2010 

Physical attributes       

Anaerobic layer depth yes yes   

Sand ripple height yes yes   

Sediment grain size yes     

Light attenuation yes yes   

Modelled wave climate yes     

Nutrient load       

Water column nutrients   yes   

Sediment Total Organic Carbon 2 & 5 cm 2 & 10cm   

Sediment δCarbon 13 isotope 2 & 5 cm 2 & 10cm   

Sediment Total  Nitrogen 2 & 5 cm 2 & 10cm   

Sediment δNitrogen 15 isotope 2 & 5 cm 2 & 10cm   

Sediment Total Organic content   2 & 10cm   

MPB and microbial community       

Integrated water column chlorophyll a yes yes   

Sediment chlorophyll a and phaeopigments  (Fluorometry) 2 & 5 cm 2 & 10cm   

Other phytopigments (HPLC) yes yes yes 

Nitrifier/Denitrifier abundance (AOA real time PCR)# yes yes yes 

Nirifier/Denitrifier composition (T-FRLP)# yes yes yes 

Animal diversity and biomass       

Benthic macrofauna counts and biomass yes     

Infauna to 0.5mm biomass yes     

Infauna to 0.5 mm counts  yes     

Polychaete abundance (qPCR) -selected taxa to 10cm     

Primary production and sediment community metabolis m       

Oxygen production and community respiration    yes yes 

Pmax, Ik, alpha yes yes yes 

Secondary production       

Infaunal secondary production (to 0.5mm) yes     

4.2.1  Broad scale assessment 

Physical parameters, primary production and characteristics of the sediment infauna and 
macroinvertebrate populations (see Table 4.2) have been described and quantified. Sampling 
was conducted to determine species composition, distribution, abundance, biomass and 
secondary production of infauna and macro-invertebrates. Water column chlorophyll a, and 
nutrients and light attenuation where also measured.  
 
The sampling strategy was designed to overcome small scale (< 10 m) horizontal variability 
and focus on larger scale (> 100 m) patterns. Five (rarely 4 or 6) transects of 5x1m were 
established, 10 x 30mm diameter cores to 50mm depth and 3 x 150mm diameter cores to 
100mm depth were randomly collected within the transect, and all macrofauna collected using a 
small rake to search the sediment. 
 
The ten small (30 mm diameter) cores from each of the five transects were vertically sectioned 
into 0-2cm and 2-5cm depths and the 0-2 or 2-5cm sections from all 10 cores derived from one 
transect pooled and mixed to homogeneity. Four 20ml subsamples were kept from each of the 
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0-2cm pooled samples and two from the 2-5cm sections. One of each from both size fractions 
was analysed for carbon and nitrogen, from the second chlorophyll a was determined and the 
final 2 samples were retained for other analyses including biomass of ammonia oxidizing 
archaea (AOA) and bacteria (AOB) (Abell et al. 2010) and bacteria abundance and biomass 
(see below). During the 2010 sampling, at each site, two larger 6cm diameter cores were taken 
to a depth of at least 10cm and brought vertically and carefully to the surface and extruded and 
sectioned at 1cm intervals to examine the vertical distribution of organic matter and chlorophyll 
a at different sediment depths. Approximately 4 grams of sediment was subsampled for 
microphytobenthos pigments (Chl a and phaeopigment) analyses and accurately weighed. 
These were then extracted in 90% acetone overnight and fluorescence measured on a Turner 
Designs model 10AU fluorometer (detection limit of 0.01 mg chl a m-3) following the 
acidification technique of Parsons et al. (1989).  In instances where the chlorophyll a content 
was greater than the upper limit of the fluorometer a serial dilution was implemented. Sediment 
samples were retained for carbon and nitrogen content and carbon and nitrogen stable isotope 
abundance. Samples were encapsulatedin tin capsules (samples for carbon isotope abundance 
were treated with hydrochloric acid (1mol/L) to remove inorganic carbon) and %C, %N, 
δ13CPOC and δ15NPN determined using an elemental analyser (ANCA-GSL, Europa, Crewe, 
United Kingdom) combined with an isotope ratio mass spectrometer (20-20 IRMS, Europa, 
Crewe, United Kingdom).  Reference materials of known elemental composition and isotopic 
ratios were interspaced with the samples for calibration.  
 
One of the large cores was dry sieved through a set of 15 sieves from 0.063 to 8.0 mm pore size 
to determine proportions of grain size. One of the remaining cores was washed through 9 sieves 
from 8.0 to 0.5mm and the phyla composition and biomass of infauna of each size class 
determined to allow for calculation of daily secondary production as per Edgar (1990). The 
third core was analysed for relative abundance of enriched sediment indicator guilds of 
polychaetes using quantitative PCR following (Loo et al. 2006). 
 
At each site, physical factors of bottom water temperature, depth, and water column light 
attenuation and the structure of sediment such as presence of ripples, depth of anaerobic sand 
and compactness were recorded. In addition, a water column integrated sample was collected 
for chlorophyll a biomass. Samples for phytoplankton pigment (Chl a and phaeopigment) 
analyses were collected via a tube water sampler which integrates a sample through the water 
column and then 2 litres was vacuum filtered onto a Whatman 25 mm glass fibre filters (GFF) 
for total Chl a (GFF, 0.7 µm nominal pore size). The 25 mm GFF filters were extracted in 90% 
acetone overnight and fluorescence measured on a Turner Designs model 10AU fluorometer 
(detection limit of 0.01 mg chl a m-3) following Parsons et al. (1989) acidification technique. A 
wave height, wave direction and bottom root mean square velocity climatology is available for 
Marmion Lagoon and is derived from a fine resolution run of the Swan model for the period 
2007/2008. These data were used to estimate comparative disturbance by wave forcing at the 
seabed at each site. 
 
Twice in summer (2008/09 and 2009/10) and once in winter (2010) we collected 12 small 
30mm cores from each of the stations. Where present, equal number of cores were collected 
from peaks and troughs of sand ridges to capture within site variability. The sediment plugs 
were transferred to small plastic vials and the sediment samples covered with water from the 
sampling location. The samples were held in the dark for at least 45 minutes to equilibrate and 
PAM fluorescence measurements performed using a Walz GmbH Phyto-PAM. So called “rapid 
light curves” were collected and the parameters ETRmax, (the light saturated, maximum rate of 
photosynthesis), Ik (Light intensity at beginning of saturation) and alpha (slope of the linear 
section of the P vs I relationship) generated. Light-emitting-diodes in the Phyto-PAM generate 
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chlorophyll fluorescence at four wavelengths (470, 535, 620 and 650 nm). The output is 
delineated into “brown” (diatoms), “blue” (cyanobacteria) and “green” (green phytoplankton) 
from the original 4-channel fluorescence data by comparison to previously stored reference 
excitation spectra. The data for the dominant group, the browns (diatoms) are presented here. 
The greens could not be quantified by the software for these samples. Water samples for 
pelagic nutrients and pelagic chlorophyll a were collected in Niskin bottles. Sediments were 
collected and analysed for grain size isotopic composition and organic C and total N as per the 
above methods.  
 
Direct cell counts and cell size measurements were obtained from a 1cm3 subsample of wet 
sediment.  Each subsample was transferred to a container with 8 ml of a sterile, prefiltered 
(0.2µm) solution of artificial seawater (ASW) containing 2% formaldehyde. Samples were 
mixed vigorously and stored at 4ºC in the dark until analysis (see below). Cell counts were 
made as soon as possible, usually within 2 months and always within 6 months. Cell counts 
were determined using a dual staining technique with acridine orange and DAPI stains as well 
as epifluorescence microscopy for marine sediments, as described by Deming et al. (1997). The 
sample, already diluted five-fold upon fixation was diluted further by 100 fold in ASW, treated 
with Triton-X detergent, and stained with acridine orange (0.01%) for 3min. The sample was 
then filtered onto a 25-mm, 0.2µm, prestained black Osmonics polycarbonate membrane filter 
(area=200mm2), placed on top of a backing filter for support. A DAPI stain (20 µg ml-1) was 
added after filtering to cover the membrane filter and allowed to stain for 15 minutes. Once the 
stain was drawn through, the filter was removed to a microscope slide, where it received a drop 
of high viscosity immersion oil.  The slide was then covered by a glass cover slip.  Fields were 
viewed immediately with a Nikon Optiphot microscope fitted with an epifluorescent light 
source and optical filter sets for acridine orange and DAPI. The microscope was calibrated 
using an E.R Bogusch measuring slide.  
 
Observed organisms were classified into the following categories based on their differential 
staining properties and physical characteristics:  Single celled autotrophic bacteria, filamentous 
autotrophic bacteria, phytoplankton, non-photosynthetic protozoa and metazoan and 
heterotrophic bacteria.  The area occupied by organic detritus was also estimated in microns. 
Heterotrophic bacteria cell counts were made at a magnification of 400 times with a field of 
view of 0.5 mm2 while all other counts were made at a magnification of 200 times with a field 
of view of 1 mm2. At least four counts were made per slide. All counts were made by the same 
worker to avoid differences between researchers. Multiple slides from the same sediment 
sample were used to maintain consistency. One such slide was taken at the start of each 
counting session for comparison to previous counts.  Four counts were made from each section 
with two sections obtained for each site. All bacterial counts were converted directly to g 
bacterial cm-2 using the factor of 10fg.C.cell-1(Bjornsen and Kuparinen, 1991; Deming and 
Carpenter, 2008). Confidence intervals for something were calculated using one way ANOVAs 
with the software package SPSS 17.0.  
 
All macrofauna were sorted, identified or processed for identification by the Western 
Australian Museum and total wet weights of each species measured. Additionally, for the 
abundant large fauna Archaster angulatus, Ammotropus arachnoides, Peronella lesueuri, and 
Cercodemas anceps each individual was wet weighed and size measured (diameter of sand 
dollars, arm length of starfish and total length of holothurians). For these species a subsample 
of individuals encompassing the size range of the species were used to measure ash free dry 
weight (AFDW) as the difference between the dried (70ºC) and ashed (500ºC) weights of the 
individuals and a regression to wet weight and size performed. Regression showed in all cases 
the better estimate of AFDW was wet weight rather than length/diameter, with r2 values 
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ranging 0.83 to 0.97. Hence, the wet weight of individuals of these species was used to 
calculate AFDW biomass.  

4.2.2 Intensive investigations 

Intensive investigations into of respiration or biological oxygen demand, primary production by 
BMA, microbial nitrogen dynamics and rates of sediment nutrient efflux were conducted in 
summer (November- December 2009) and winter (August 2010). Production by the BMA 
community was determined by generating production (via oxygen evolution) versus irradiance 
curves, the P vs I relationship is an important component of our biogeochemical models. At six 
of the stations, Marmion Outfall (the northern most station), BB (a mid shelf station within 
Marmion Lagoon), City Beach (located between Marmion lagoon and Cockburn Sound), 
Cockburn (in the north of Cockburn Sound), Southern Flats (in the south of Cockburn Sound) 
and Northern Harbour (a small boat harbour in the north of the sound) we collected twenty four 
9.3cm ID sediment cores (one station occupied on each day in the filed). The cores were 
collected from a small area of sea floor location to reduce the effect of spatial variations on 
larger scales. However, if sand ridges were present, cores were evenly distributed between the 
ridge peaks and troughs to average out this potential source of variability. Cores were returned 
to the laboratory and randomly distributed into four tubs (i.e. 6 cores per tub) with a continuous 
flow of clean ambient seawater (6 litres per minute). The cores in each tub represented 
replicates of a light intensity treatment. In all, there were 8 intensities investigated at each 
station (7 different light intensities and one dark incubation) achieved by conducting 
incubations on sequential days using the same cores.  
 
Each experimental tub was illuminated by a metal halide lamp. Light exposure was varied using 
neutral density film sufficient to achieve a range of nominal light intensities up to 1200 µmol 
quanta m-2 s-1. Light readings were taken with a Licor PAR meter equipped with at two pi PAR 
sensor at the beginning and end of each incubation experiment and the irradiance used in the 
calculations represents the average of these two measurements. Heavy black plastic was 
wrapped around the tub containing the cores required for the dark treatment.  
 
At the beginning of the incubation, each of the cores was sealed with a clear acrylic lid. The lid 
had two ports, one for sampling the other to allow the resupply of water from surrounding 
water as each sample was collected.  The water inside the core was stirred gently by a 4cm 
Teflon coated magnetic stirrer bar suspended under the lid and driven by a small electric motor. 
Soon after each core was sealed a 30ml sample of water was collected for dissolved oxygen 
analysis and further 35 ml sample of water was collected from each core for dissolved nutrient 
analyses. These initial samples represent the starting conditions for the incubation. Two further 
samples were collected from each core at regular intervals during the incubation. After the 
incubation was complete the caps were removed and the system left until the next morning 
when the same routine was repeated for the further light intensity treatments. After the final 
sampling the length of the sediment plug and overlying water column were measured and the 
sediment stored frozen for later geochemical analysis (chlorophyll a, sediment grain size, 
sediment moisture content, and sediment POC/PON).  
 
Rates of production and nutrient fluxes were calculated as the slope of the solute versus time 
relationship, normalised by the overlying water volume. Corrections were made for the 
replacement water taken from the ambient water tank. Gross rates of oxygen production 
(production independent of concurrent respiration) were calculated by subtracting the rate of 
oxygen consumption at zero irradiance (dark flux) from the positive rates of oxygen evolution 
(light flux). Production by the BMA community was determined by generating production 
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(expressed as oxygen evolution). A trend line was fitted to the data using nonlinear curve fitting 
techniques and the equations of Platt et al. (1980) if photoinhibition was evident or Webb et al., 
(1974) if it was not. 
 
Pathways of nitrogen cycling in sediments across the nutrient gradient were investigated using 
cutting edge molecular techniques developed by CSIRO (see Abell et al. 2010). By examining 
the abundance and diversity of different nitrifying (ammonia oxidising archea hereafter AOA 
and ammonia oxidising bacteria here after AOB) and denitrifying (nirS and nirK) phylotypes 
we can assess the relationship between the dominant nitrifiers or denitrifiers.  

4.3 Results and Discussion   

4.3.1 Water column and physical forcing characteris tics at sampling 
sites 

Water column nutrients 

Water column nutrients at the study sites reflected local influences (see Figure 4.3). Silicate 
was highest in the estuarine Swan River (12 µM) site while among the marine sites the 
Marmion Outfall and Northern Harbour sites (both > 2 µM) had the highest silica reflecting 
high levels of freshwater input. Phosphate was very high at the Marmion Outfall site (0.9 µM) 
with few other sites above 0.2 µM. The Swan River and Northern Harbour had ammonia levels 
above 0.3 µM). All other sites were between 0.05 and 0.15 µM). The Marmion Outfall site had 
the highest nitrate+nitrate level (3.2 µM) while most sites had nitrate+nitrate levels of <0.2 
µM). Only two other sites, Northern Harbour and one of the mid lagoon Marmion sites (MM1) 
had nitrate/nitrate levels above 1 µM. These data represent a comparative snapshot during late 
summer/early spring in 2010 and it needs to be recognised that water column nutrients and 
chlorophyll (see below) can vary greatly over time. However the high values of nutrients and 
chlorophyll at Northern Harbour and Marmion outfall are consistent with regular monitoring 
undertaken by the the Water Corporation (see 
http://www.watercorporation.com.au/p/ploom.cfm) and the Cockburn Sound Management 
Council(see http://portal.environment.wa.gov.au/portal/page? 
_pageid=513,1&_dad=portal&_schema=PORTAL )  
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Figure 4.3. Water column nutrients collected at the  sampling sites in 2010. Error bars are 
standard errors from two samples. 

Water Column Chlorophyll a 

Results of chlorophyll a and phaeopigments for water column integrated samples are given in 
Figure 4.4. Northern Harbour had significantly greater concentrations of both compared to all 
other ocean sites examined (mostly < 1 mg Chl a per m3) except Southern Flats in 2010 which 
was the only other site which exceeded 2 mg chl a per m3, however levels in the Swan River 
were also high. In 2010 chlorophyll a exceeded 2 mg per m3 in the Southern Flats site. All 
locations of Marmion Marine Park had similar pigment concentrations (Table 4.3). Variability 
in concentrations within the mid location were due to variability between all samples, whereas 
the variability in chl. a in the outer location in 2008 was the result of one site with a much 
larger concentration (M3MRS).  
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Figure 4.4. Concentrations of chlorophyll a and pha eopigments from water column integrated 
samples collected from each site in 2008 (dark) and  2010 (light). 

 

C
hl

or
op

hy
ll 

a 
(m

g.
m

-3
)

0

1

2

3

4

5

6

2008
2010

Site

JV
00

7
F

av
ou

rit
e

D
ry

 L
um

ps
S

ou
th

 B
ay

F
is

he
rm

an
s

E
ss

ex
B

ou
ll.

 N
th

M
ar

m
io

n 
O

ut
fa

ll
O

ut
fa

ll 
S

ou
th

O
ut

fa
ll 

N
or

th
S

ou
th

 L
um

ps
W

hi
tfo

rd
 R

oc
k

W
re

ck
 R

oc
k

C
ow

 R
oc

k
M

M
1

M
M

2
M

M
3

M
M

4
M

M
_1

1
M

O
F

2
M

3M
R

S
M

3M
R

N
H

al
l B

an
k

C
ity

 B
ea

ch
N

or
th

er
n 

H
ar

bo
ur

 
Je

rv
oi

se
 B

ay
C

oc
kb

ur
n 

S
ou

nd
P

ar
m

el
ia

 B
an

k
C

ar
na

c
S

ou
th

er
n 

F
la

ts
S

w
an

 R
iv

er

P
ha

eo
pi

gm
en

ts
 (

m
g.

m
-3

)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

JURIEN BAY MARMION INNER MARMION
MID

MARMION
OUTER

COCKBURN 
SOUND

 



SIMPLE MODELS FOR ASSESSING IMPACTS OF NUTRIENT ENRICHMENT 

WAMSI Node 1 Project 1 Annexure A • 30 June, 2011 416 

Table 4.3. Pigment concentrations within Marmion Mar ine Park locations (sites pooled) (mean ± 
S.E.) sampled in 2008 and 2010.  

 
 Chlorophyll a (mg.m-3) Phaeopigments (mg.m-3) 

2008 2010 2008 2010 
Marmion inner 0.58 ± 0.06 0.45 ± 0.09 0.70 ± 0.08 0.67 ± 0.08 
Marmion mid 0.67 ± 0.23 0.22 ± 0.06 0.73 ± 0.23 0.42 ± 0.15 
Marmion outer 0.53 ± 0.25 0.30 ± 0.02 0.53 ± 0.19 0.43 ± 0.02 

Light attenuation 

Figure 4.5 shows that the lowest levels of light attenuation (clearest water, k<-0.15,) were in 
the offshore sites of MM_11, M3MRS, M3MRN at Marmion and at Carnac Island, while the 
most turbid sites were Northern Harbour (k=-0.37 and in the Swan River (-0.41). Two sites in 
the Marmion lagoon had very high levels of light attenuation, Wreck Rock and MM2. 

 

 
 
Figure 4.5. Light attenuation coefficients (-k) at each sampling site measured during 2010 
sampling trips. 

 
 

Wave exposure 

Wave exposure was estimated at the Marmion sampling sites only using the SWAN model (see 
model output in Figure 4.6) and the yearly average urms (root mean square velocity at the 
seabed) as determined from the Swan model are shown in Table 4.4. The inshore sites had on 
average the lowest annualised seabed velocity (1.65 m s-1) while the mid (0.24 m s-1) and 
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offshore (0.23 m s-1) lagoon sites were higher reflecting the relative levels of wave exposure. 
Estimates were not available for Cockburn Sound. 

 

 
Figure 4.6. Swan model output for the Marmion Region  used to estimate relative exposure to 
bottom forcing from wave forcing at the sampling si tes.  Hsig is the significant wave height (m) 
shown in the vertical coloured bar. 

Table 4.4. Yearly average urms (root mean square vel ocity at the seabed) as determined from 
the Swan model (Figure 4.3) for the sampling sites i n the Marmion lagoon. 

Location Site urms (m s-1) 
Location mean urms 
(m s-1) 

Marmion inshore lagoon SouthLumps 0.174 0.165 

  
WhitfordRoc
k 0.165   

  WreckRock 0.156   
  CowRock 0.157   
  Outfall 0.171   
Marnion mid-lagoon MM1 0.205 0.239 
  MM2 0.261   
  MM3 0.303   
  MM4 0.185   
Marmion offshore lagoon MOF2 0.260 0.232 
  MM_11 0.205   
  M3MRS 0.229   
  M3MRN 0.236   
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4.3.2 Sediment characteristics at sampling sites 

Sediment Grain Size 

Sediments at all sites were dominated by particles in the range of 125µm to 500µm sieve size 
classes (Table 4.5). At sites within Cockburn Sound and the Swan River sediments were 
dominated by 250µm grain size class, while at sites in the outer Marmion Marine Park 
(Marmion Outer) and in the Port Beach and City beach locations sediments were dominated by 
larger particles in the 500µm sieve size class. Figure 4.7 indicates that samples of the Port 
Beach/City beach location were composed of more particles at least 8.0mm in size compared to 
other localities, with a mean of 12% of the overall sample weight. This proportion is a result of 
the Port Beach samples only, which comprised large rocks (comprising limestone, shell rubble 
and coral rubble) not found anywhere else. 
 
The size distribution of particles was more heterogeneous at sites in Jurien Bay, and the inner 
and mid areas of Marmion Marine Park. At the shallower inner Marmion sites sediments were 
dominated by both 125 and 250µm size classes, while at sites in the mid Marmion location 
overall had slightly larger overall size with modes of 250 and 355µm. Jurien Bay sediment had 
the greatest heterogeneity with multimodal distribution across the 125µm to 500 µm size 
classes.  
 
In general, locations which were more sheltered from swell (e.g. Swan River, Cockburn Sound 
sites and Marmion inner lagoon sites) had finer grain sizes than more exposed sites (e.g. 
Marmion outer lagoon) (see Figure 4.5). However at the site level within locations there was 

Key Findings: 
 
Water column physical and water quality parameters can be summarised as follows: 

• Silicate was highest at the three sites expected to have freshwater influence (>2 
micromoles per litre at Northern Harbour and the Marmion outfall and >12 in 
the Swan River) 

• Phosphate was four times higher at the Marmion outfall (0.8 micromoles per 
litre) than any other site except the Swan River (0.3) 

• Nitrite and nitrate was highest at the Marmion outfall (>3 micromoles per 
litre). Most sites were less than 0.5 except MM1 in the Marmion lagoon (1.1) 
and Northern Harbour (1.6) 

• Ammonia was highest (> 0.3 micromoles per litre) in Northern Harbour and 
Swan River. Most other sites were about 0.1 or less. 

• Water column chlorophyll varied between sites but can be generalised as being 
low (<0.5 mg per m3)at most of the Jurien Bay and Marmion mid and outer 
lagoon sites, moderate (0.5 - 1.0) at the Marmion inshore and most Cockburn 
Sound sites and very high 2.0 – 5.0 in the Swan River, Northern Harbour and 
at Southern Flats in 2010. 

• The most modified environments of Swan River and Northern Harbour has the 
highest levels of light attenuation (>-35) and four of the five offshore sites in 
Marmion lagoon and Carnac Island had the lowest light attenuation (<-0.15) 

• Modelling of wave forcing at the seabed showed that the inshore sites were 
considerably more protected than either the mid or outer lagoon sites 
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considerable variability and when we compare wave induced turbulence at the seabed as 
predicted from the SWAN wave model for sites within each of the three Marmion locations 
(Table 4.4) with the average (between site, within location) sediment grain mode size or the 
sediment grain mode size for pooled sites within locations there is no significant relationship 
(regression analysis, r2=0.134, p=0.218 and r2=0.125, p=0.236 respectively, n=12). 
 

 
Figure 4.7. Sediment grain size fractionation for gr ouped sites within locations (5 replicates at 
each site) sampled in 2008. Means and standard erro rs are from pooled sites within locations. 



SIMPLE MODELS FOR ASSESSING IMPACTS OF NUTRIENT ENRICHMENT 

WAMSI Node 1 Project 1 Annexure A • 30 June, 2011 420 

  

Table 4.5. Modes and medians of sediment grain size  fractionation. Multiple modes within 
locations are due to site differences within those locations. 

 

 Mode(s) Median 

Jurien Bay 0.125, 0.25, 
0.355, 0.50 0.355 

Marmion Inner 0.125, 0.25 0.25 

Marmion Mid 0.25, 0.355 0.355 

Marmion Offshore 0.50 0.50 

Fremantle/City 
Beach 

0.50 0.50 

Cockburn Sound 0.25 0.25 

Swan River 0.25 0.25 

 

Other characteristics of sites and sediment 

The appearance of the sediments from some sites is shown in Figure 4.8 and indicates the range 
of sediments sampled from coarse and fine sands and high and low organic loads. 
Measurements of anaerobic layer depth at each site (see Table 4.5) revealed that at the Jurien 
and Marmion Outer sites the anaerobic layer is absent or deeper than could be detected when 
the 10 cm core was taken. At Marmion inner sites the anaerobic layer depth was between 3 and 
10 cm while at Cockburn Sound sites it was only 1 to 2 cm except at the most offshore site of 
Carnac Island (>10cm). In the Swan River there were anaerobic sediments almost to the surface 
layer (<1cm). Sand ripple heights ranged from 0 to 25 cm between sites (see Table 4.6) 
reflecting the range of wave exposures. As would be expected the well washed sands and 
exposed sites generally had no anaerobic sediments. 
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Figure 4.8. Examples of the range of appearance of s ediermtns sampled ranging from coarse to 
fine sands and high and low organic loads. 

Table 4.6. Depth and sediment appearance characteri stics measured for each site in 2008 and 
2009. na denotes not available 

Location Site 
Depth 

(m) 
Anerobic sand depth 

(cm) 
Sand ripple 
height (cm) 

Sand 
compacted?  

Jurien Bay JV007 8.6 none (>10) 3 to 5 yes 
Jurien Bay Favourite 6.2 none (>10) 10 to 15 no 
Jurien Bay Dry Lumps 8.3 none (>10) 10 to 15 no 
Jurien Bay South Bay 5.5 none (>10) 10 to 15 no 
Jurien Bay Fishermans 5.1 none (>10) 2 to 5 slightly 
Jurien Bay Essex 3.5 none (>10) na slighty 

Jurien Bay 
Boullanger 

North 
2.8 

none (>10) 
na 

na 
Marmion inner Marmion Outfall 10 4 5 to 10 no 
Marmion inner South Lumps 7 3 2 to 5 yes 
Marmion inner Whitford Rocks 8 none (>10) 3 to 5 yes 

Marmion inner Wreck Rock 6.5 
some none (>10) , some 

from 3 0 to 2 yes 
Marmion inner Cow Rock 6 5 2 to 5 no 
Marmion mid MM1 11 5 0 to 2 yes 
Marmion mid MM2 8 10 2 to 5 slightly 
Marmion mid MM3 4 3 5 to 10 no 
Marmion mid MM4  9 none (>10) 10 to 15 no 

Marmion outer MM_11 14 none (>10) 20 to 25 no 
Marmion outer MOF2 15 none (>10) 2 to 5 no 



SIMPLE MODELS FOR ASSESSING IMPACTS OF NUTRIENT ENRICHMENT 

WAMSI Node 1 Project 1 Annexure A • 30 June, 2011 422 

Location Site 
Depth 

(m) 
Anerobic sand depth 

(cm) 
Sand ripple 
height (cm) 

Sand 
compacted?  

Marmion outer M3MRS 14 none (>10) 10 to 15 no 
Marmion outer M3MRN 15 none (>10) 15 to 20 no 

Fremantle Hall Bank 9 2 0 to 2 no 
Fremantle City Beach 8 10 7 to 10 no 
Cockburn 

Sound Parmelia Bank 7 ? 0 to 2 no 
Cockburn 

Sound 
Northern 
Harbour 6 1 none (0) na 

Cockburn 
Sound Jervoise Bank 8 1.5 none (0) yes 

Cockburn 
Sound 

Cockburn 
Sound 7 2 0 to 2 no 

Cockburn 
Sound Carnac Island 7 none (>10) 3 to 5 yes 

Cockburn 
Sound Southern Flats 7 1 0 to 2 slightly 

Swan River Swan River 6 <1 none (0) slightly 

Organic matter content of sediment 

The organic matter content of sediments varied from 3mg per gram of sediment dry weight at 
one of the offshore Marmion sites to 47mg/g at Northern Harbour (Figure 4.9). In general the 
Cockburn Sound Sites (excluding Northern Harbour) were significantly more enriched (21-40 
mg/g) when compared to Marmion offshore lagoon (4-17 mg/g), Marmion mid lagoon (20-27 
mg/g) and Marmion inshore (9-20 mg/g). The Marmion outfall and Swan River sites site had 
high organic matter contents of 27mg/g and 30 mg/g respectively. 
 

 
Figure 4.9. Organic content of sediment from each s ite sampled in 2010. Means and error bars 
are from 2 samples per site. 
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Total sediment nitrogen 

The nitrogen content is given in Figure 4.10 and nitrogen isotope ratios (relative to N2 in air) 
are given in Figure 4.11. For both measures, quantities in the two sediment depth layers (0-2 
and 2-5cm) were similar. Jervoise Bank, Southern Flats and Northern Harbour (2010) in 
Cockburn Sound and the site in the Swan River all had much greater nitrogen concentrations 
(0.06 to 0.12 %) than other sites. Port Beach, City Beach and some of the outer sites in 
Marmion Marine Park all had less nitrogen content than other sites. The remaining sites had 
nitrogen contents of approximately 0.02 to 0.04%.  
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Figure 4.10. Percent nitrogen in sediment samples co llected in 2008 and 2010. 
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Nitrogen isotopes 

δ15N in the 0-2cm sediment layer ranged from 4.4 at Fishermans, Jurien in 2008 to 8.9 at City 
Beach in 2008 (Figure 4.11). For most locations studied, there were similar amounts of 
variation between sites. However, sites in the Marmion Outer location showed little variation. 
Low δ15N at Jurien Bay are likely to relatively low input of anthropogenic nitrogen, which 
tends to have higher δ15N (e.g. sewage sources have δN15 values of +8 to +20 and agricultural 
fertilisers have values of -1 to +2, e.g. Kendall 1998). Treated sewage effluent from the 
Marmion outfall has been measured to produce δ15N of as high as 25 (range 13-25) by Gartner 
et al. (2002). δ15N in marine sediments can be expected to reflect the δ15N of the source of 
detritus in the sediment and any fractionation that occurs as the detritus is recycled and broken 
down.  The high value at the city beach site in 2008 is probably indicative of an anthropogenic 
source, perhaps derived from stormwater drains in the area. 
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Figure 4.11. δδδδNitrogen 15 stable isotope analysis of sediment sam ples collected in 2008/2009 
and 2010 
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Sediment organic carbon 

Organic carbon levels varied between sites and between years (Figure 4.12). The lowest levels, 
generally <0.1% were at Jurien Bay. The Swan River and Northern Harbour sites were the 
highest (0.6-1% and 0.3-0.7 % respectively). The only other sites to exceed 0.2% organic 
carbon content were Southern Flats and Jervoise Bank in Cockburn Sound, Port Beach and one 
site in each of the Marmion mid lagoon and Marmion offshore lagoon locations. 
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Figure 4.12. Organic carbon content of sediment (ca lculated as a percentage of dry weight) 
sampled in three times, once in the summer of 2008 and again in summer 2009 and then in 
winter 2010. Error bars are standard error n = 3.  
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Sediment carbon isotopes 

There was little variation in δ13C (δ13C = [(13C/12C in sample)/(13C/12C standard)]*1000 
relative to a standard with 13C:12C ratio (0.0112372 or ~ Pee Dee Belemnite) content of 
sediment between sites and within sites between years (Figure 4.13). The δ13C values were 
mostly -20 to -25‰ suggesting that macroalgae is an important source of carbon stored in 
sediments rather than seagrass or phytoplankton which typically have δ13C signatures less than 
-20 (O’Leary 1988).  However, little is known of the diagenesis of primary producer derived 
carbon in sediments (Macko and Estep 1984), and so this inference is relatively weak. Indeed 
the δ13C value for sediment deeper than 2cm was on average 3.5% less (X= -21.09) than 
shallower sediment (X= -20.34). This is a statistically significant difference (paired t-
test=4.587, p=0.0001), suggesting that burial and the diagenetic process may alter δ13C values 
in marine sediments. 
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Figure 4.13. Carbon 13 isotope ( δδδδ13C) content (‰) of sediments sampled in 2008/2009 and 2010. 

 

Benthic Microalgae (BMA) 

The chlorophyll a content for all sites sampled in 2008/9 has been determined, as shown in 
Figure 4.14 and Figure 4.15 (see Figure 4.19 and Figure 4.22 for 2010 data). The mean 
chlorophyll a concentrations in the surface 0-2 cm deep samples ranged from 4 mg.m-2 to 126 
mg.m-2, while in the deeper 2-5cm deep samples chlorophyll a ranged from 1 mg.m-2 to 97 
mg.m-2.  These values are consistent with those observed in sediments across a range of other 
studies (see Cahoon 1999). Results demonstrate that over this shallow depth range most of the 
variability in a biomass was not associated with water column depth (Figure 4.16) in contrast to 
comparisons across much greater depth ranges (e.g. see chapter 3). From this we conclude that 
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different processes are important in determining BMA biomass in near shore regions of the 
continental shelf.  In south-western Australia BMA biomass has also been associated with 
water column nutrients and shelter/wave impact (Kendrick et al. 1998, Forehead 2006). Our 
study was conducted over a much wider range of locations and water column nutrient levels 
and we did not find this relationship (see Figure 4.17 in a regression analysis with r2<0.001, 
p=0.919. We did however find a significant relationship between BMA biomass and wave 
forcing estimates  at the seabed as estimated from the SWAN model for the Marmion sites (see 
Figure 4.18) r2=0.429, p=0.015. We do have wave forcing estimates for the non-Marmion sites. 
Both these findings show what might be expected, that a range of factors are important in 
determining BMA biomass in shallow coastal waters. 

 
Figure 4.14. Chlorophyll a concentration of 2008/2009 sediment samples 0-2cm d epth (mean ± 
S.E. n = 5). 
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Figure 4.15. Chlorophyll a concentration of 2008/2009 sediment samples 2-5cm d epth (mean ± 
S.E.). 

 
Figure 4.16. Chlorophyll a biomass (0-5 cm sediment depth) as a function of w ater column 
depth from samples taken in 2008. 
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Figure 4.17. Relationship between water column nutr ients and BMA biomass for sites sampled 
in 2010 DIN is micromoles per liter. 

 
Figure 4.18. Relationship between wave forcing at t he seabed and BMA biomass for sites 
sampled in 2008. 
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Sediment chlorophyll a as a function of sediment depth 

We found somewhat surprisingly that photosynthetic pigments could be detected deep within 
the sediment. This is very different from conventional literature on BMAs which are mostly 
from the much different sediments found in the northern hemisphere (eg. Cahoon 1990). The 
deeply buried BMA biomass has a range of implications for primary production potential and 
raises questions about the mobility of microalgae in sediments. Chlorophyll a and 
Phaeopigment concentrations generally fell with increasing depth from 0-1cm to 3-4cm. From 
3-4cm concentrations of chlorophyll a were relatively stable. There were some exceptions to 
this pattern and a general description of the profile at each site is given below. 
 
At Marmion Outfall chlorophyll a concentrations remained relatively high with increasing 
depth. Average chlorophyll a concentrations were 3.44 ug/g at 0-1cm compared to 2.04 ug/g at 
9-10cm. Average phaeopigment concentrations were 2.43 ug/g at a depth of 0-1cm and 1.19 
ug/g at a depth 9-10cm (Figure 4.19). Chlorophyll a and phaeopigment concentrations at South 
Lumps followed the observed pattern falling from 2.23 ug/g  and 1.24ug/g at 0-1cm to 3-4cm 
with stable concentrations from 4-5 cm to 9-10cm at approximately (Figure 4.19). Like South 
Lumps, Cow Rock followed a pattern of a fall in chlorophyll a and phaeopigment 
concentrations from 0-1cm (chl-a: 2.86 ug/g, phae: 1.80 ug/g) to 3-4cm (chl-a: 1.96 ug/g, phae: 
0.93ug/g) followed by a stable concentration from 4-5cm to 9-10cm (chl-a: 0.93ug/g and phae: 
0.64ug/g) (Figure 4.19). Sediment chlorophyll a and phaeopigment concentrations at MM1 fell 
sharply from 4.68 ug/g and 2.40 ug/g at 0-1cm to 2.19 ug/g and 0.83 ug/g at 4-5cm. From 4-
5cm to 9-10cm concentrations were generally stable (Figure 4.19). Average concentrations of 
chlorophyll a were 1.70 ug/g at 9-10cm while for phaeopigments average concentrations were 
0.95 ug/g at the same depth.  
 
At MM4 average chlorophyll a and phaeopigment concentrations fell from 2.30 ug/g and 1.41 
ug/g at 0-1cm to 2.18 ug/g and 0.51 ug/g at 3-4cm. From 4-5cm to 9-10cm average 
concentrations were stable at approximately 1.28 ug/g and 0.76 ug/g at a sediment depth of 9-
10cm (Figure 4.20). Only one replicate was obtained from MOF2. However, chlorophyll a and 
phaeopigment concentrations followed a general pattern observed at other sites. Maximum 
chlorophyll a and phaeopigment concentrations were observed at the 0-1cm depth at 2.36 ug/g 
for chlorophyll a and 1.29 ug/g for phaeopigments. Concentrations fell to 0.87 ug/g for 
chlorophyll a and 0.55 ug/g for phaeopigments at a depth of 4-5cm. From 4-5cm to 9-10cm 
they were stable with a final concentration of 1.25 ug/g for chlorophyll a and 0.85 ug/g for 
phaeopigments (Figure 4.20). Chlorophyll a and phaeopigment concentrations at M3MRS 
decreased with depth from 1.48 ug/g and 1.13 ug/g at 0-1cm to 0.79 ug/g and 0.63 ug/g at 9-
10cm.  
 
At Hall Bank concentrations varied but followed a general falling trend with the exception of 
the 2-3cm sample in Rep 1 which was sharply higher at 5.77 ug/g (Figure 4.20). At City Beach 
Chlorophyll a concentrations were 2.74 ug/g at 0-1cm, 3.86 ug/g at 2-3cm, 0.89 at 4-5cm and 
finally 0.17 ug/g at 9-10cm. Phaeopigment concentrations were 2.66 ug/g at 0-1cm, 2.00 ug/g at 
2-3cm, 0.79 ug/g at 4-5cm and finally 0.26 ug/g at 9-10cm. Sediment chlorophyll a 
concentrations fell slightly from 2.97ug/g at 0-1cm to 2.26 ug/g at 9-10cm. Phaeopigment 
concentrations fell more steeply from 1.73 ug/g at 0-1cm to 0.77 ug/g at 9-10cm (Figure 4.21).  
 
Moving south to the Cockburn Sound location, Parmelia Bank sediment chlorophyll a 
concentrations fell from an average of 1.13 ug/g at 0-1cm to 0.09 ug/g at 9-10cm. 
Phaeopigment concentrations fell from 1.00 at 0-1cm to 0.16 ug/g at 9-10cm. There was a sharp 
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rise in concentrations of 1.59 ug/g at 4-5cm in rep2 and 1.05 ug/g at 7-8cm in rep 1 (Figure 
4.21). At Northern Harbour chlorophyll a concentrations fell from an average of 2.73 ug/g at 0-
1cm to 0.61 ug/g at 9-10cm. Phaeopigment concentrations were relatively high at 6.48 ug/g at 
0-1cm. These concentrations fell to an average of 2.13 ug/g at 9-10cm (Figure 4.21). 
Chlorophyll a concentrations were relatively high at Jervoise Bank with an average of 9.82 
ug/g at a depth of 0-1cm. These concentrations fell to an average of 1.65 ug/g at 9-10cm. 
Phaeopigment concentrations were lower at an average of 4.70 ug/g at 0-1cm falling to an 
average of 1.25 ug/g at 9-10cm (Figure 4.21). At Cockburn Sound chlorophyll a and 
phaeopigment concentrations fell uniformly from an average of 1.98 ug/g at 0-1cm for 
chlorophyll a and 1.09 ug/g for Phaeopigments to 0.30 ug/g for both chlorophyll a and 
Phaeopigments at 9-10cm (Figure 4.22). At Carnac Island chlorophyll a concentrations fell 
sharply from 4.56 ug/g at 0-1cm to 1.76 at 3-4cm. Concentrations were stable at this level 
through to 9-10cm where they were 1.28 ug/g. Phaeopigment concentrations exhibited less of a 
depth gradient compared to chlorophyll a concentrations. Average phaeopigment 
concentrations were 1.15 ug/g at 0-1cm while they were 0.81 ug/g at 9-10cm (Figure 4.22). 
Chlorophyll a and phaeopigment concentrations followed a uniform pattern at Southern Flats. 
Average pigment concentrations fell sharply from 5.93 ug/g and 5.65 ug/g at 0-1cm to a low of 
0.55 ug/g and 1.11 ug/g at 9-10cm (Figure 4.22). At Blackwall Reach in the Swan River, 
concentrations of chlorophyll a and phaeopigment concentrations fell from an average of 12.5 
ug/g and 7.63 ug/g at 0-1cm to 0.43 ug/g and 1.73 ug/g at 9-10cm (Figure 4.22). 
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Figure 4.19. Chlorophyll a (left) and Phaeopigment (right) concentrations at M armion Outfall 
(top) South Lumps (second top), Cow Lumps (third) an d MM1 (bottom) for all core depths and 
for both repetitions. 
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Figure 4.20. Chlorophyll a (left) and Phaeopigment (right) concentrations at M M4 (top), MOF2 
(second top), M3MRS (third) and Hall Bank (bottom) L umps for all core depths and for both 
repetitions. 
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Figure 4.21. Chlorophyll a (left) and Phaeopigment (right) concentrations at C ity Beach (top), 
Parmelia Bank (second top), Northern Harbour (third) , and Jervoise Bank (bottom) for all core 
depths and for both repetitions. 
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Figure 4.22. Chlorophyll a (top) and Phaeopigment (bottom) concentrations at C ockburn Sound 
(top), Carnac Island (second top), Southern Flats (T hird) and Swan River (bottom) for all core 
depths and for both repetitions. 
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Sediment microalgae type derived from phytopigments 

At all stations in both seasons the MPB community was dominated by diatoms (~fucoxanthin) 
(Figure 4.23). Fucoxanthin amounted for between 40% (Swan River during winter) and almost 
100% (MOF2 in winter) of the normalised pigment compliment (Figure 4.23). The ratio of 
fucoxanthin to chlorophyll a was > 0.8 at 90% of the stations. In the marine samples and the 
Swan River during summer small amounts of zeaxanthin, lutein and chlorophyll b 
(prasinophytes) were generally present in addition to the dominant fucoxanthin (Figure 4.23). 
The highest concentrations of these additional pigment groups was at station AA, (both 
seasons), MM 4 (in summer) and the (Swan River in summer) (Figure 4.23). The Swan River in 
winter had a different and more diverse assemblage than the marine stations. Here almost all 
the pigment classes are represented. butanoyloxyfucoxanthin (chrysophytes), prasinoxanthin 
(prasinophytes), Zeaxanthin Lutein and chorophyll b (chlorophytes and possibly cyanobacteria) 
and hexanoyloxyfucoxanthin (haptophytes) (Figure 4.23). 
 

 
Figure 4.23. Accessory pigment:chl a ratios of majo r pigments detected in surface sediment in 
summer (top) and winter (bottom) from a series of s tations located between the Marmion 
Outfall and Southern Flats in the south of Cockburn Sound (including one station in the Swan 
River). 
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Sediment bacteria counts  

A high amount of variability was observed both between sites and within locations indicating a 
dynamic system. However, some trends were evident. Northern Harbour, Jervoise Bank, Swan 
River and Port Beach had significantly higher counts of autotrophic bacteria, phytoplankton, 
organic detritus and heterotrophic bacteria than other sites (Figure 4.24). These differences 
were not present in non-photosynthetic protozoa and metazoan where only Jervoise Bank was 
significantly higher than other sites mainly due to the presence of microscopic gastropod spat 
(Figure 4.24). The highest concentrations of autotrophic bacteria were observed at Port Beach 
(Figure 4.24 and Figure 4.25). Significantly higher cell counts of autotrophic bacteria were 
observed in sediments from Northern Harbour, Jervoise Bank, Swan River and Port Beach 
compared to all other sites. Within this group, Port Beach had significantly higher counts than 
Jervoise Bank but not Northern Harbour or Swan River. No filamentous autotrophic bacteria 
were observed at any sites. The highest cell counts of phytoplankton were observed at Port 
Beach which was significantly higher than all other sites (Figure 4.26). Of the remaining sites, 
Northern Harbour, Jervoise Bank and Swan River were significantly higher than all other sites. 
The highest cell counts for non-photosynthetic protozoa were observed at Jervoise Bank which 
was significantly higher than all other sites (Figure 4.27). This result was due to the presence of 
microscopic gastropod spat in the sediments. The Swan River had significantly higher amounts 
of organic detritus than all other sites (Figure 4.28). Jervoise Bank, Northern Harbour and Port 
Beach were also significantly higher than other sites. Concentrations of heterotrophic bacteria 
were significantly higher at Northern Harbour and Swan River compared to all other sites 
(Figure 4.29 and Figure 4.30). Cell counts were also higher at Jervoise Bank and Port Beach 
compared to the remaining sites. 
 
Measurements of chlorophyll a and phaeopigment concentrations were consistent with results 
obtained from cell counts. Northern Harbour and Blackwall Reach (Swan River) had the 
highest concentrations of chlorophyll a and phaeopigments in 2008 (Figure 4.4). These two 
sites also had high biomass estimates for autotrophic and heterotrophic bacteria (Figure 4.25 
and Figure 4.29) as well as phytoplankton (Figure 4.26) and high amounts of organic matter 
(Figure 4.28). 
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Figure 4.24. Average number of autotrophic bacteria  observed per objective at 200 times 
magnification. Error bars indicate 95% confidence in terval. 
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Figure 4.25. Estimated biomass of autotrophic bacter ia observed per cm 3 of sediment at each of 
the study sites. Error bars indicate 95% confidence interval. Estimated biomass assumes a 
factor of 10fg Carbon per bacterial cell. 
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Figure 4.26. Average number of phytoplankton cells in a cm 3 of sediment. Error bars indicate 
95% confidence interval. 
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Figure 4.27. Average number of non-photosynthetic p rotozoa cells in a cm 3 of sediment. Error 
bars indicate 95% confidence interval. 

 

-50

0

50

100

150

200

250

300

350

400

450

Sou
th

 L
um

ps

Cow R
oc

k
M

M
1

M
M

4

M
OF2

M
3M

RS

Hall B
an

k

City
 B

ea
ch

Par
m

eli
a 

ba
nk

North
er

n H
ar

bo
ur

Je
rv

ious
 B

an
k

Cock
bu

rn
 S

ou
nd

Carn
ac

 Is

Sou
th

er
n 

Fla
ts

Swan
 R

ive
r

Site

E
st

im
at

ed
 a

re
a 

pe
r 

ob
je

ct
iv

e 
(u

m
2)

 
Figure 4.28. Estimated area of objective occupied by  organic detritus in um 2 at 200 times 
magnification.  Error bars indicate 95% confidence i nterval. 
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Figure 4.29. Number of heterotrophic bacteria obser ved at 400 times magnification.  Error bars 
indicate 95% confidence interval. 
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Figure 4.30. Estimated biomass of heterotrophic bact eria per cm 3 of sediment at each of the 
study sites. Error bars indicate 95% confidence inte rval. Estimated biomass assumes a factor 
of 10fg carbon per bacterial cell. 

Abundance of Nitrifying Archea and Bacteria determined by DNA probes 

The abundance of ammonia oxidizing archaea (AOA) and bacteria (AOB) was measured in 
sediment samples from each site to help determine the potential of these marine sediments to 
resupply nitrogen from sediment to the water column by nitrification within the sediments. The 
most enriched sites of Northern Harbour, Southern Flats and Swan River had the highest levels 
of both. Next highest was the Marmion outfall site (Figure 4.31 and Figure 4.32). The Marmion 



SIMPLE MODELS FOR ASSESSING IMPACTS OF NUTRIENT ENRICHMENT 

WAMSI Node 1 Project 1 Annexure A • 30 June, 2011 442 

offshore lagoon site MOF2 also had a high AOB density (Figure 4.31). The ratio of AOA to 
AOB shows that at all sites AOA were 10 to 80 times more abundant that AOB (Figure 4.33). 
High AOA:AOB ratios are typical of other studies (e.g. Abell et al 2010) and is thought to 
occur because AOA are considered more competitive than AOB for low levels of nitrogen 
(Herrmann et al.2011).   
 

 

 
Figure 4.31. Abundance of ammonia oxidising bacteri a (AOB) at each sampling site. 



SIMPLE MODELS FOR ASSESSING IMPACTS OF NUTRIENT ENRICHMENT 

WAMSI Node 1 Project 1 Annexure A• 30 June, 2011 443 

 

 
Figure 4.32. Abundance of ammonia oxidising archaea  (AOA) at each sampling site 
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Figure 4.33. Ratio of Abundance of ammonia oxidisin g archea (AOA) to ammonia oxidising 
bacteria (AOB) at each sampling site 
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Key Findings 
 

• Median sediment grain sizes varied from 0.125- 0.250 mm to 0.500 mm across 
the onshore to offshore gradient at Marmion lagoon. Fine sediments were also 
a feature of Cockburn Sound and Swan River sites  

• Organic matter content of sediments varied from 3mg per gram of sediment 
dry weight at one of the offshore Marmion sites to 47mg/g at Northern 
Harbour. Other Cockburn Sound Sites were significantly more enriched (21-40 
mg/g) when compared to Marmion offshore lagoon (4-17 mg/g), Marmion mid 
lagoon (20-27 mg/g) and Marmion inshore (9-20 mg/g). The Marmion outfall 
and Swan River sites site had high organic matter contents of 27mg/g and 30 
mg/g respectively. 

• Organic carbon levels varied between sites and between years. The lowest 
levels, were at Jurien Bay (<0.1%). The Swan River and Northern Harbour 
sites were the highest (0.6-1% and 0.3-0.7 % respectively).  

• δδδδ13C values of sediment were mostly -20 to -25‰ suggesting that macroalgae is 
an important source of carbon stored in sediments.  

• Most sites had sediment total nitrogen contents of approximately 0.02 to 
0.04%. Jervoise Bank, Southern Flats and Northern Harbour (2010) in 
Cockburn Sound and the site in the Swan River all had greater nitrogen 
concentrations (0.06 to 0.12 %). 

• δδδδ15N in sediments were lowest at Jurien Bay (4 – 5). Other sites were more 
variable (5 – 7). The most elevated levels were at City Beach in 2008 (ca. 9) 
suggestive of an anthropogenic source. 

• Sediment chlorophyll a biomass in the surface (0-2 cm deep) samples averaged 
4 to 126 mg Chl a per m2 across all sites, Although variable across sites, the 
following applied generally: with two exceptions outer and mid Marmion 
lagoon biomass was 10 to 20 mg Chl a per m2, inner lagoon Marmion sites were 
40 to 80 mg Chl a per m2 and Cockburn Sound sites were generally higher 40 
to 130 mg Chl a per m2. 

• Benthic microalgae (BMA) biomass was correlated with wave forcing at the 
seabed but not with water column nutrients or depth. 

• Surprisingly we found sediment chlorophyll quite deep in sediments at many 
sites. In particular the well flushed Marmion sites often had 50% of surface 
chlorophyll still present at 5cm depth. This has implications for how benthic 
microalgae (BMA) biomass is measured. 

• Benthic microalgae (BMA) were dominated at all sites by diatoms as indicated 
by fucoxanthin pigments in both summer and winter (mostly greater than 90% 
diatoms). Only the Swan River in winter had significant non-diatom flora 
present (60%) with pigments indicating the presence of prasinophytes, 
chrysophytes and chlorophytes 

• Biomass of heterotrophic bacteria was highest at Northern Harbour and in the 
Swan River (both >0.004 micrograms per cm3 of sediment) 

• Levels of ammonia oxidizing archaea (AOA) and bacteria (AOB) are an 
indication of sediment nitrification potential and were highest in the most 
enriched sites of Northern Harbour, Southern Flats and Swan River. They 
were also elevated at the Marmion outfall site. 
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4.3.3 Sediment invertebrate fauna 

Infaunal biomass and secondary production 

Biomass of sediment infauna has been calculated for each transect at each site using the total 
ash-free dry weight (AFDW) biomass of infauna retained by sieves of differing mesh size and 
formula established in Edgar (1990).  
 
The biomass of animals in the various sieve size classes used in secondary production 
calculations can be measured directly, or by a formula given in Edgar (1990) based on the 
number of individuals and the sieve size they are contained in; the latter saving time and effort. 
All transects at two Marmion Marine Park sites and two Cockburn Sound sites were employed 
to conduct a pilot study to establish which of these methodologies was most applicable to this 
study. 
 
Edgar’s (1990) work discerned equations for each phyla separately, concluding that there was 
no statistical difference between the equations, with the exception of caprellid amphipods due 
to their elongate morphology. A combined equation for all fauna unless dominated by long thin 
animals was established as an accurate and rapid method of determining biomass for each sieve 
size.  
 
The equations established by Edgar (1990) are as such: 
 
mean biomass of animals in a particular sieve size is calculated as: 

log B = a + b*logS  (1) 

(where B = mean AFDW (mg); S = sieve size (mm))     

   

this is then used to calculate total biomass of animals as: 

B = Σni*B i   (2) 

(where ni = abundance of animals in sieve size i; Bi = mean biomass of animals in sieve size i 
(as calculated from above regression equation) 

 
Table 4.7 shows the coefficients in Equation 1 for both Edgar (1990) and those calculated from 
the actual measured AFDW biomass in this study. The work of Edgar (1990) showed strong 
correlation between sieve size and AFDW in all phyla and when pooling all fauna, as shown by 
high r2 values. As mentioned, the combined equation adequately estimates total biomass of all 
fauna, thus the formula of log B = -1.01 + 2.64*logS can be used. In contrast, with the 
exception of platyhelminthes (which comprised only a small sample size) none of the 
regressions in this study were strong (as shown by very minimal r2 in Table 4.7). Thus, neither 
the equations for individual phyla or the combined equation can be accurately used to measure 
mean biomass for a sieve size class.  
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Table 4.7. Coefficients and regression strengths fo r Eqn 1, comparing results of Edgar (1990) 
and this study. 

 Edgar (1990)  This Study 
  a b r2 n a b r2 n 
Mollusc -1.02 2.76 0.99 17 -0.15 0.47 0.13 24 
Echinoderm - - - - -0.54 0.48 0.09 3 
Crustacean -1.04 2.67 0.99 16 -0.95 -0.13 0.01 7 
Polychaete -0.99 2.49 0.98 18 -0.85 -0.19 0.01 22 
Platyhelminth -0.96 2.64 0.98 12 -1.74 2.96 0.99 4 
Caprellids -1.21 1.90 0.98 14 - - - - 
Foramifera - - - - -0.19 0.87 0.28 11 
Combined -1.01 2.64 0.98 63 -0.55 0.43 0.04 71 

 
Without being able to calculate mean biomass in this way, abundance data can be converted to 
biomass data using equation 2 as in Edgar (1990). As a result, biomass can only be measured 
directly as AFDW, the difference between the dried (80ºC for 48 hr) and ashed (500 ºC for 2 
hr) weights of the fauna retained by each sieve.  This direct measurement method was applied 
to all cores in order to determine infaunal biomass present. We were unable to calculate 
secondary production using the method of Edgar (1990). 
 
AFDW biomass of infauna is shown in Figure 4.34. Blackwall Reach in the Swan River had the 
greatest infaunal biomass. This is attributed to the presence of hermit crabs, polychaetes and 
molluscs all in high numbers and in a range of sizes. In addition, 3 hermit crabs greater than 
8mm contributed 0.21g AFDW in one core and 1 hermit crab and 2 molluscs > 8mm in another 
core contributed 0.14g AFDW. Port Beach, Jervoise Bank and Southern Flats all had 
significantly greater infaunal biomass than other marine sites. At Port Beach this was simply 
the result of one large mollusc weighing 0.23g AFDW, hence the large standard error 
associated with this mean. At Jervoise Bank, the large AFDW was the result of 2 large 
molluscs (>8mm) in one core with a total weight of 0.10g and a large number of polychaetes 
found in all size fractions up to 5.6mm. At Southern Flats, also in Cockburn Sound, the biomass 
was not the result of a small number of individuals but rather large numbers of molluscs (3607 - 
4540 per core in 3 of 5 transects) and forams (8443 – 10875 per core in the same 3 of 5 
transects) found in a range of size, with smaller ones more abundant than larger. 
 
Within Marmion Marine Park, the outer sites contained less biomass (0.17 ± 0.03 g.m-2) than 
the inner (0.49 ± 0.07 g.m-2, excluding the Marmion Outfall site) and mid sites (0.66 ± 0.21 
g.m-2). 
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Figure 4.34. AFDW biomass of infauna to 100mm depth  at each site sampled in 2008/2009 (mean ± 
S.E., except Jurien sites where only one core per sit e was sampled). 

 
Secondary production was calculated from infaunal biomass as described by Edgar (1990) with 
the following equation: 

Production (µg.day-1) = 0.0049 x B 0.80 x T0.89 

where B = AFDW biomass (µg) 

T = mean monthly water temperature (ºC) 
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Secondary production values have been calculated with available temperature information from 
Pearce et al. (1999) for marine sites and from Water Corporation (pers. comm.) for the Swan 
River (Table 4.8).  
 

Table 4.8. Infauna AFDW biomass, temperature and se condary production values of soft 
sediment sites or locations. 

 

Location/Site 
Mean AFDW 

Biomass ± SE (g.m-2) 
Mean Annual 

Temperature (ºC) 
Production ± SE 

(g.m-2.yr -1) 
Jurien Bay 0.28 ± 0.10 20.4 1.25 ± 0.41 
Marmion Outfall 0.74 ± 0.18 19.4 2.74 ± 0.62 
Marmion Inner 0.49 ± 0.07 19.4 1.97 ± 0.23 
Marmion Mid 0.66 ± 0.21 19.4 2.31 ± 0.58 
Marmion Outer 0.17 ± 0.03 19.4 0.81 ± 0.14 
City Beach 0.54 ± 0.06 19.4 2.20 ± 0.21 
Port Beach 3.66 ± 2.47 19.4 9.03 ± 5.01 
Northern Harbour  0.72 ± 0.27 19.3 2.63 ± 0.82 
Jervoise Bank 3.02 ± 1.15 19.3 8.25 ± 2.60 
Cockburn Sound 1.09 ± 0.25 19.3 3.80 ± 0.69 
Parmelia Bank 0.38 ± 0.26 19.3 1.46 ± 0.83 
Carnac 0.52 ± 0.24 19.3 1.97 ± 0.76 
Southern Flats 2.86 ± 1.44 19.3 7.79 ± 3.09 
Swan River 7.02 ± 2.11 19.1 16.35 ± 4.04 

 
Secondary production was almost twice as high in the Swan River compared to the next highest 
value. Port Beach, Jervoise Bank and Southern Flats had the greatest secondary production of 
the marine sites. As temperature values did not vary much between sites or locations, secondary 
production is tightly linked to AFDW biomass.   

Sediment infauna abundance 

The abundance of the different taxa recovered from the infauna cores is summarised in Table 
4.9. Molluscs and polychaetes were the most abundant taxa with mollusc densities very high 
(ca >2400 per core). At all other sites infauna numbers were lower. Sites at Jurien Bay had very 
low numbers of infauna. 
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Table 4.9. Abundance of the different taxa recovere d from the infauna cores. Values are mean + 
1standard error based on 4-6 samples per site. Each sample consists of a 15cm diameter core 
inserted in the sediment to 10cm. 

Site Molluscs Echino. Crustacea Polychaete Platyhelm. Caprell. Nemat. 

Boull. Nth 0 0 0 44 0 0 0 

Dry Lumps 6 0 0 15 0 0 0 

Essex  3 0 0 8 0 1 0 

Favourite 0 0 0 0 0 0 0 

Fishermans 1 0 0 16 0 0 0 

JV007 0 0 0 0 0 0 0 

South Bay  3 0 0 4 0 0 0 

Marmion Outfall 24.00±5.39 0 5.60±2.77 17.80±3.46 0 0 0.80±0.58 

Cow Rock 9.00±1.84 0 1.00±0.55 16.80±3.60 0.60±0.40 0 0.80±0.80 

MISL (South Lumps) 9.25±2.87 0 0.75±0.25 10.00±5.21 0 0 0 

MWHR (Whitford 

Rock) 8.20±3.07 0 2.20±0.73 28.80±4.63 0.40±0.24 0 0 

Wreck Rock 67.80±9.05 0.20±0.20 0.60±0.40 2.20±0.86 0.20±0.20 0 0 

MM1 1.20±0.73 0.20±0.20 4.20±2.08 4.60±2.04 0.40±0.40 0 1.60±0.81 

MM2 3.80±1.07 0 1.00±0.55 9.40±2.42 0 0 1.40±0.75 

MM3 1.17±0.40 0 8.33±2.74 8.67±3.05 0.17±0.17 0 1.83±1.17 

MM4 3.00±1.29 0 1.00±0.71 3.20±1.10 0.60±0.55 0 3.80±2.49 

MM_11 0.40±0.24 0 0.80±0.37 3.20±0.80 0 0 0 

MOF2 1.00±0.55 0 1.60±0.81 2.40±0.68 0 0 0 

M3MRS 1.00±0.82 0 4.00±1.00 0.83±0.40 0 0.33±0.33 1.00±0.37 

M3MRN 2.75±0.63 0 2.00±1.68 5.25±0.85 0 0 0 

City Beach  16.60±5.10 0 10.40±3.06 6.40±2.29 0.20±0.20 0 0 

Port Beach 17.80±3.44 0.40±0.24 1.60±0.81 8.80±1.98 0.20±0.20 0 0 

Carnac  21.40±10.85 1.20±0.58 0.40±0.40 6.40±4.17 0 0 0 

Parmelia Bank 3.00±1.76 0 0.40±0.24 3.20±1.07 0 0 0 

Cockburn Sound 31.75±8.44 0.25±0.25 0.50±0.50 27.75±1.44 6.25±4.39 0 0.25 

Jervoise Bank 4.40±2.50 1.60±0.68 0 55.00±15.31 1.00±0.55 0 0.4 

Northern Harbour 20.80±3.31 0 0 44.20±9.67 0 0 1.80±1.11 

Southern Flats 2409.60±949.19 0.80±0.80 0 4.20±2.62 2.60±2.14 0 0.40±0.40 

Swan River  21.40±4.25 2.00±1.76 11.80±7.58 35.60±13.47 3.60±1.50 0.60±0.40 0 
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Quantitative PCR assays for polychaete indicators of sediment enrichment 

Figure 4.35 shows the results of quantitative DNA analyses on DNA extracted from the 
sediment cores using probes designed for different groupings of polychaete species used as 
indicators of sediment nutrient enrichment from pollution. Cirratulid polychaetes are mostly 
deposit feeders and have a high tolerance for hypoxic sediments (Loo et al. 2006). Lumbrinerid 
polychaetes are often carnivorous and are associated with low pollutant loads and semi-healthy 
sediments. Nephytid polychaetes are mostly carnivorous and favour habitats with high prey 
abundance, often associated with moderately enriched sediments. Spionid polydorids are 
deposit feeders and rapid colonisers and are often abundant in enriched sites. Capitellids are 
opportunistic rapid colonisers and tolerant of a wide range of environmental conditions. More 
detail on the characteristics of these and the other different indicator polychaete groups can be 
found in Loo et al. (2006). The sites with the highest total biomass of indicator polychaetes 
were Northern Harbour and Southern Flats. These are the most sheltered sites in our study 
while exposed sites such as those from Jurien Bay and the mid and offshore lagoon sites at 
Marmion had zero or low indicator polychaete biomass. It is important to note that these probes 
have been developed to assess the health of sediments and the level of impact by tuna farms in 
Spencer Gulf in South Australia (Loo et al. 2006). In general, the higher the levels of these 
taxa, the greater the impact on the sediment from the addition of nutrients which derive from 
from fish faeces and uneaten food. Thus the probes cannot be used as an indicator of total 
polychaete abundance as they do not target species which in habit healthy sediments, nor do 
they target estuarine species, which may explain why the probes detected few polychaetes in 
Swan River sediments despite them being among the most organic carbon and nitrogen 
enriched sites in our study.  The fact that the probes cannot be used as an indicator of total 
polychaete abundance also explains why, when we compared abundance of polychaetes in the 
samples (Table 4.9) with the indicator polychaete DNA biomass only CIRR and NEPH showed 
weak correlations with abundance (p=0.032, p=0.033 respectively). Nevertheless there are 
indications that the probes are a useful indicator of nutrient enrichment in our region. For 
example our Northern Harbour site which is heavily enriched had 10 times the biomass of 
Cirratulid polychaetes than the next highest site (Cockburn Sound)  and 50 times higher than 
the inshore sites at Marmion. They were not detected at all in the Marmion mid and offshore 
sites. In addition the contrast in abundance of groups such as the Capitellids which are higher in 
the inshore Marmion sites and largely absent from the mid and offshore sites at Marmion and 
all but the Fishermans site at Jurien Bay is worthy of further investigation to determine if this 
may be providing some early indication of sediment (and thus habitat) modification at these 
sites. It would be worthwhile to develop probes which a specifically suited to our region for use 
in environmental impact assessment to be able better interpret these results and for application 
in environmental impact studies in our region. 
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Figure 4.35. Top and bottom panels are quantitative  DNA profiles for polychaete taxa from 
survey sites. All data are from 2008 except the two  sites labelled from 2010. 
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Figure 4.35. Continued. Top and bottom panels are q uantitative DNA profiles for polychaete 
taxa from survey sites. All data are from 2008 exce pt the two sites labelled from 2010. 
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Epibenthic macrofauna abundance and biomass  

The mean number of individuals, species and total wet weights are given in Table 4.10. Figure 
4.36 demonstrates the animals which contribute to each site and Figure 4.37 the animals which 
contribute to biomass. The greatest density of animals was found in the Swan River, where 
hermit crabs were measured at 7.04 ± 2.45 individuals per m2 and ophiuroids at 3.16 ± 2.67 
individuals per m2 (Figure 4.36). This site also had the greatest species diversity, with a range 
of species encompassing all animal groups found in the study except for Crinoidea and 
Cephalopoda. In addition to having greatest quantities of infauna biomass of the marine sites, 
Port Beach, Jervoise Bank and Southern Flats had some of the greatest densities of macrofauna, 
with City Beach also having high numbers. With the exception of Southern Flats, these 
Cockburn Sound location sites also had some of the highest species diversities.  
 
Fewer individuals, fewer species and less biomass were found in the deeper outer location of 
Marmion Marine Park than the inner and mid locations (Table 4.10). The heavily impacted site 
of Marmion Outfall had animal densities, diversity and biomass similar to other sites in the 
area. However, the other heavily impacted site of Northern Harbour had less individuals, 
species and biomass compared to its nearby sites. The Parmelia Bank site is worthy of special 
mention given its low biomass and diversity. This site was surveyed before realised that it was 
a dredge spoil site from the sand mining for Cockburn Cement. Recent work in the area had 
created a large area of fine sand spoil which had very little biota associated with it. The 
sediment grain size profile for this site varied little from that at the Cockburn Sound site. 
  
The greatest biomass was found at Jervoise Bank and Southern Flats (Table 4.10) at both sites 
this was the result of echinoids (Figure 4.37) Peronella lesueuri and Ammotropus arachnoides 
at Jervoise Bank and Peronella lesueuri at Southern Flats. Similarly, the biomass in the Swan 
River and Cockburn Sound was also due to Peronella lesueuri. At Port Beach and Marmion 
Inner sites, biomass was composed mainly of the seastar Archaster angulatus. All other sites 
had less than 6g wet biomass per m2 (Figure 4.37). Given the importance, and likely habitat 
structuring influence of both Archaster angulatus and Peronella lesueuri the ecology of both 
species was examined in greater detail with the assistance of PhD students, visiting scientists 
and volunteers (see description of Sharon Yeo’s PhD study elsewhere in the WAMSI final 
report and Lawrence et al. (in press) and Keesing et al. (in press). 
 

Table 4.10. Characteristics of macrofauna assemblag e at sites or locations (mean ± SE). 

Location/ Site 

Density 
 (no. indiv. per 

m2) 
Species Diversity 

 (no. per m2) 
Wet Wt Biomass  

(g per m2) 
Jurien 0.43 ± 0.12 0.19 ± 0.03 2.36 ± 0.85 
Marmion Outfall 1.88 ± 0.77 0.72 ± 0.08 5.79 ± 3.84 
Marmion Inner 1.60 ± 0.25 0.86 ± 0.10 43.52 ± 9.15 
Marmion Mid 1.88 ± 0.31 0.86 ± 0.12 3.35 ± 1.08 
Marmion Outer 0.30 ± 0.08 0.22 ± 0.06 0.18 ± 0.06 
Port Beach 3.44 ± 0.51 1.52 ± 0.37 47.92 ± 10.03 
City Beach 4.36 ± 1.14 1.48 ± 0.22 6.01 ± 1.43 
Northern Harbour  0.64 ± 0.22 0.32 ± 0.05 0.58 ± 0.20 
Jervoise Bank 5.08 ± 0.60 1.56 ± 0.44 231.69 ± 19.88 
Cockburn Sound 2.04 ± 0.94 0.56 ± 0.23 96.69 ± 27.46 
Parmelia Bank 0.20 ± 0.09 0.12 ± 0.05 0.16 ± 0.13 
Carnac 0.76 ± 0.17 0.72 ± 0.15 5.44 ± 3.42 
Southern Flats 3.44 ± 1.26 0.48 ± 0.08 252.49 ± 87.15 
Swan River 14.72 ± 3.34 2.36 ± 0.39 130.46 ± 25.41 
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Figure 4.36. Number of individuals of various phylu m and classes present in soft sediment sites 
and locations sampled in 2008. 
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Figure 4.37. Wet weight of various phylum and class es present in soft sediment sites and 
locations sampled in 2008. 
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4.3.4 Relationships between biotic and abiotic para meters measured 
along the gradient 

We used multiple regression analyses and principal component analyses to assess which 
relationships between the range of parameters measured were important. These are used to 
present some simple models to show which parameters are associated with each others and may 
provide useful predictors of sediment characteristics relative its biogeochemistry and ecology  

Multiple regression models 

A linear multiple regression with a forward stepwise algorithm was used to assess which 
environmental factors had the most influence on the various measures of productivity at the 
study sites. These data don’t meet the requirements for a regression analysis since the non-
assessed environmental factors could not be held constant while variation in the assessed factor 
was determined. Nonetheless, these analyses can still provide a valuable assessment of the 
environmental factors that best predict productivity. Selections of models of different sizes 
yielded statistically significant (p<0.05) models for each growth factor except protozoa (Table 
4.11). 
 
Percentage carbon content in the sediment was the first factor to be added to the candidate 
model for sediment chlorophyll a concentrations with an adjusted R2 of 0.498 (Table 4.11). 
Dissolved silicate was the only other significant factor to be added to the chlorophyll a model 
for a final R2 of 0.601 (p=0.001, Table 4.11).  
 
For phaeopigments, light attenuation was the first factor to be added (R2=0.767; 
p<0.0001;Table 4.11). Like the sediment chlorophyll a model, silicate concentration was the 
second significant factor to be added to the model (R2=0.906, p<0.0001, Table 4.11). The final 
significant factor to be added to the model for phaeopigments was sediment nitrogen content to 
produce a model with a final adjusted R2 of 0.93 (p<0.0001,Table 4.11).  
 
The candidate model for percentage organic matter contained only percentage nitrogen content 
as a significant factor. The adjusted R2 for this model was 0.698 (p<0.0001, Table 4.11). 

Key Findings 
 

• Molluscs and polychaetes were the most abundant infauna and the sites with 
the highest abundances and biomass of these animals were in Cockburn Sound 
and the Swan River. Low numbers and biomass of infauna were recorded at 
Jurien and Marmion. 

•  Polychaete taxa that are indicators on enriched sediments were measured as 
being most abundant at Northern Harbour and Southern Flats using 
quantitative DNA analyses 

• Jurien Bay the Marmion sites and Carnac Island  had low macrofauna 
biomass (0-45 g wet weight per m2) Biomass of the inshore Cockburn Sound 
and Swan River sites were high (100 – 250 g) except Northern Harbour (<1g)  

• Macrofauna species diversity was lowest (<0.22 species per m2) at the Jurien 
Bay, Offshore Marmion sites and the Parmelia Bank (dredge spoil) site and 
highest (ca. 1.5 species per m2) at Parmelia Bank, Port Beach and City Beach. 
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The candidate models for each of the cell data factors featured mode grain size as an important 
predictor of microbial community dynamics. Mode grain size was the first factor to be added to 
the candidate model for autotrophic bacteria (R2=0.422). Sediment nitrogen content was found 
to be almost as important for autotrophic bacteria growth with a final adjusted R2 for the model 
of 0.842 (p<0.0001,Table 4.11).  
 
Like the model autotropic bacteria, the model for filamentous bacteria also added mode grain 
size as the first environmental factor (R2=0.422, p=0.004). The next (and final) significant 
factor to be added to this model was ammonia concentration for a final R2 of 0.859 
(p<0.0001,Table 4.11). The candidate model for sediment phytoplankton counts also added 
mode sediment grain size as the most important factor with a R2 of 0.65. The next most 
important predictor to be added was percentage nitrogen content (R2=0.745, p<0.0001, Table 
4.11). 
 
The most important predictor of organic detritus area counts were the presence of the nutrient 
dissolved silica. This factor alone produced a model with an adjusted R2 of 0.837 
(p<0.0001,Table 4.11). Model grain size was found to be the next most important factor (R2= 
0.896,) followed by light attenuation (R2=0.968, Table 4.11) and Ammonia concentrations 
(R2=0.973, p=0.031,Table 4.11). The model for heterotrophic bacteria contained ammonia 
concentration as the first factor (R2=0.823, p=0.001, Table 4.11). Like the model for organic 
detritus mode grain size was the second factor to be added to the candidate model (R2=0.887, 
p=0.011, Table 4.11) followed by light attenuation (R2=0.931, p=0.037,Table 4.11). The fourth 
significant environmental predictor for heterotrophic bacteria cell counts was percentage 
nitrogen content (R2=0.931, p=0.041,Table 4.11) while dissolved silica was added as the final 
factor (R2=0.949, p=0.049, Table 4.11).  For number of infauna species, number of infauna 
individuals and ash free dry weight (AFDW) percentage carbon content was the most important 
predictor (R2=0.365 and 0.846; Table 4.11). For number of infauna species and AFDW mode 
grain size was the only other factor to be added to the model (#species: R2=0.494,p=0.008 and 
AFDW:R2=0.904,p<0.0001; Table 4.11). For number of infauna individuals, Ammonia was the 
only other factor to be added (R2=0.867,p=0.008; Table 4.11). The most important predictor of 
macrofauna biomass was percent nitrogen content (R2=0.222) followed by Ammonia 
concentration (R2=0.53, p=0.003; Table 4.11). Percentage carbon content was the next factor to 
be added to the model (R2=0.704, p<0.0001) followed by Nitrate and Nitrite concentrations. 
The final adjusted R2 for the model was 0.77 (p<0.0001; Table 4.11). 
 
Multiple linear regression analyses indicated that percentage carbon and the presence of silicate 
were the best predictors for chlorophyll a concentrations. This differed from phaeopigments 
where light attenuation, silicate and percentage nitrogen content were identified as important 
covariates. The importance of silicates in both models is consistent with diatoms being the 
dominant benthic micro alga in these sediments (see analysis of phytopigments above).   Mode 
grain size was identified as an important predictor in biomass estimates of autotrophic bacteria, 
heterotrophic bacteria and filamentous bacteria as well as for cell counts of phytoplankton and 
organic detritus content. Previous studies have identified sediment grain surface area has the 
strongest correlate of bacterial abundance in coastal sediments (Schmidt et al 1998).  For 
example, the numbers of bacteria were found to be inversely proportional to grain size in 
sediments on the tidal flat of Nova Scotia (Dale, 1974). 
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Table 4.11. Candidate models obtained from linear m ultiple regressions in SPSS 17.0 
comparing sediment biomass data to environmental pa rameters at each site. Only statistically 
significant models are included in the table. 

No Model Adj R 2 (p) 
[Chlorophyll a] 

1 %Carbon Content 0.498 0.001 
2 %Carbon Content + Silicate 0.601 0.001 

[Phaeopigment] 
1 Light Attenuation  0.767 <0.0001 
2 Light Attenuation + Silicates  0.891 <0.0001 
3 Light Attenuation + Silicates + %Nitrogen Content 0.963 <0.0001 

% Organic Matter  
1 % Nitrogen Content 0.35 0.016 

Autotrophic Bacteria (Biomass) 
1 Mode Grain Size 0.544 0.001 
2 Mode Grain Size + Nitrogen Content 0.867 <0.0001 

Filamentous Bacteria (Biomass) 
1 Mode Grain Size 0.628 <0.0001 
2 Mode Grain Size + Ammonia 0.892 <0.0001 

Phytoplankton (Cell Count) 
1 Mode Grain Size 0.716 <0.0001 
2 Mode Grain Size + % Nitrogen Content 0.758 <0.0001 

Protozoa 
1 No significant environmental factors   

Organic Detritus (Area counts) 
1 Silicates 0.837 <0.0001 
2 Silicates + Mode Grain Size 0.925 <0.0001 
3 Silicates + Mode Grain Size + Light Attenuation 0.977 <0.0001 

Heterotrophic Bacteria 
1 Ammonia 0.823 <0.0001 
2 Ammonia + Mode Grain Size 0.884 <0.0001 
3 Ammonia + Mode Grain Size + Silicates 0.920 <0.0001 
4 Ammonia + Mode Grain Size + Silicates + % Nitrogen content  0.949 <0.0001 

Number of Infauna species 
1 % Carbon Content 0.365 0.008 
2 % Carbon Content  + Mode Grain Size 0.449 0.008 

Number of Infauna individuals 
1 % Carbon Content 0.846 <0.0001 
2 % Carbon Content + Ammonia 0.867 <0.0001 

Macrofauna Biomass (wet weight) 
1 % Nitrogen Content 0.222 0.037 
2 %  Nitrogen Content  + Ammonia 0.530 0.003 
3 %  Nitrogen Content  + Ammonia + % Carbon Content 0.704 <0.0001 
4 %  Nitrogen Content  + Ammonia + % Carbon Content + Nitrate and 

Nitrite 
0.770 <0.0001 

Infauna Ash Free Dry Weight (AFDW) 
 % Carbon Content 0.753 <0.0001 
 % Carbon Content + Mode Grain Size 0.904 <0.0001 
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Principal Component Analyses 

A PCA analysis comparing water quality characteristics and environmental factors with the 
study sites was also performed. The analysis comparing all sites found: 
 

• Marmion Sites grouped together along with some Cockburn Sound sites (Figure 4.38). 
• Swan River and Northern Harbour separated from the other sites on the basis of 

bacterial content, % Carbon and Nitrogen content, light attenuation, and percentage 
organic matter. 

• Hall Bank and Jervoise Bank separated from other sites on the basis of Mode grain 
size and Phytoplankton cell counts.  

 

 
Figure 4.38. PCA analyses comparing water quality an d environmental factors from all of the 
study sites in 2008/9 and 2010.  

 
 



SIMPLE MODELS FOR ASSESSING IMPACTS OF NUTRIENT ENRICHMENT 

WAMSI Node 1 Project 1 Annexure A• 30 June, 2011 461 

 
Figure 4.39. PCA analyses comparing water quality an d environmental factors from the 
Marmion sites in 2008/9 and 2010.  

 
At the Marmion locations sites, Marmion Outfall was an outlier on the basis of the nutrients 
Nitrate and Nitrite, Phosphate, and the presence of heterotrophic and autotrophic bacteria, and 
phaeopigment concentrations (Figure 4.39). Other sites were separated by mode grain size 
(M3MRS) and Chlorophyll a concentrations (MM1 and Cow Rock seeFigure 4.39). 
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Figure 4.40. PCA analyses comparing the water qualit y and environmental factors present in 
just the Cockburn Sound sites in 2008/9 and 2010. 

 
At the Cockburn Sound sites, Northern Harbour was removed from the other sites due to the 
nutrients ammonia, nitrate and nitrate, and phosphate and the presence of heterotrophic bacteria 
(Figure 4.40). Jervoise bank was separated from other Cockburn Sound Sites due to chlorophyll 
a concentrations and the presence of protozoa. Southern Flats was separated from Cockburn 
Sound and Carnac Island by percentage nitrogen content and phytoplankton counts (Figure 
4.40). 
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Figure 4.41. PCA analyses comparing the water qualit y and environmental factors present to the 
Infauna data for all sites in 2008/9 and 2010. 

The Swan River, Jervoise Bank, Southern Flats and Hall Bank sites were separated from the 
main group of sites consisting of the Marmion Lagoon sites and remaining Cockburn Sound 
site (Figure 4.41).   
 
The Swan River was separated from the main group on the basis of number of infauna species 
and individuals as well as AFDW. Jerviose Bank was separated from the main group by AFDW 
while Hall Bank was separated from the main group by number of infauna species, individuals 
and AFDW. Southern Flats differed from the other sites due to the total biomass present at the 
site (Figure 4.41). 
 
 

 
 

Summary of relationships 

Interrelationships between the range of parameters measured show that sediment habitats are 
complex and a range of responses were observed. However it is clear from the analyses, that 
nutrients drive much of the response and that both physical and ecological interactions mediate 
the response of the sediment biogeochemistry to the enrichment. The characteristics of 
sediments across a nearshore gradient of sediment enrichment (high in Cockburn Sound and 
low at Marmion) and an onshore-offshore gradient of sheltered nearshore to exposed offshore 
at both Cockburn Sound and Marmion) offer an insight into the responses of sediment habitats 
to nutrient enrichment.  A conceptual model can be developed to describe these states and 
responses in a way which should be useful for managers to both assess the state of nearshore 
sediment habitats and also predict their trajectory should habitat modification or changed 
nutrient loading occur.  
 
Sites that are exposed tend to have better water quality, light availability at the seabed and 
lower levels of sediment nutrient enrichment. These sites have sediment chlorophyll biomass 
similar to more enriched sites but, as is shown later in this chapter, higher levels of 
photosynthetic potential. These sites could be regarded as having healthy sediments and typify 
much of the soft sediment habitats which occur along the mid- and south-west Australian coast. 
In these habitats natural levels of sediment nutrients is due to the natural incorporation of 

Key Findings 
 

• The multiple regression analyses showed that as expected the indicators of 
sediment enrichment like %carbon, % nitrogen were strongly associated with 
a range of other biogeochemical parameters but that when coupled with 
factors such as sediment grain size provide a useful predictor of infaunal 
biomass 

• Principal Components Analysis revealed how at Cockburn Sound there was a 
clear separation of Northern harbour and the Cockburn Sound (Woodman’s 
Point) and Carnac site on the axis related to range of nutrient enrichment 
indicator parameters with Southern Flats and Jerviose Bank intermediate to 
these groups  

• Principal Components Analysis for the Marmion sites revealed a strong 
separation of the Marmion outfall site from the others based on water column 
nutrients and heterotrophic bacteria levels. 
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organic matter derived from the excess production of seagrass and macroalgal production (this 
is discussed in Chapter 3). 
 
Sites that are sheltered are more susceptible to enrichment as a result of greater water residence 
times from comparably less flushing and less physical disturbance of the seabed from waves. 
As a result of this enrichment and less physical disturbance, the sediment can support a greater 
biomass and diversity of heterotrophic organisms and subsequently a complex interaction of 
biogeochemical and ecological interactions come to define these habitats.  
 
When the combination of degree of shelter and level of enrichment reach levels where 
biological and ecological processes mediating the enrichment are reduced, the habitat advances 
to the degraded state such as observed at Northern Harbour where reduced water clarity reduces 
BMA primary production and heterotrophic bacteria cause the sediment to become anoxic 
reducing the biomass and diversity of animals to only species which are highly tolerant to 
reduced oxygen.  
 
The three states described were observed in this study however most sites are a variant or 
transitionary phase between these condition states.. Figure 4.42 below illustrates the changes 
observed when we compare natural, altered and severely degraded sediment habitats and Figure 
4.43 shows a conceptual model of how changes in shelter and anthropogenic nutrient 
enrichment might set otherwise healthy sediment habitats on a trajectory to altered and 
degraded states. This model is similar to that proposed by Pearson and Rosenberg (1978) who 
specified Normal, Transitionary and Polluted states based on changes in infauna abundance, 
diversity and biomass. Our Principal Component Analyses above also support the presenece of 
a transitory state between normal and degraded at least at Cockburn Sound. 
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Figure 4.42. Comparison of sediment parameters at N orthern Harbour site, other Cockburn 
Sound sites (except Carnac Island and Parmelia Bank) relative to Marmion inshore sites (Cow 
Rock and South Lumps – other sites were excluded bec ause data for all parameters was not 
available from all sites in all years) Y axis is the  natural log of the ratio of each site and 
Marmion inshore (hence all value for Marmion inshor e are 1). 
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Figure 4.43. Conceptual model of the likely respons e of shallow water nearshore sediment 
habitats to increased nutrient enrichment. 
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4.3.5 Process Studies 

Process studies: PAM Fluorometry 

The lowest average ETRMax was in the Swan River during the second summer (4.8 ± 1.1 µmol 
electrons m-2 s-2) (Figure 4.44). Next lowest was Northern Harbour (both summers) or Southern 
Flats (winter) (Figure 4.44). Increased nutrient loadings have long been recognised as a stressor 
to Cockburn Sound and the Swan River and increased epiphyte growth competing for resources 
has been blamed for reduction in the extent of seagrass beds in the sound (Cambridge et al., 
1986). Similar competitive impact on benthic micro-algae (i.e. increased biomass of pelagic 
species would reduce light penetration) may be reflected by a reduction in photosynthetic 
efficiency (ETRMax).There appears to be a gradient in the PMax values moving away from 
one of the high sediment nutrient  stations along a gradient of reducing sediment nutrient 
concentrations. There was a gradual increase in ETRMax values across stations located between 
Northern Harbour at the northeast of Cockburn Sound and Carnac Island at the north west 
(Northern Harbor, Jervoise Bank, Cockburn Sound and Carnac Island) with each being 
significantly higher than the previous (Figure 4.44). ETRMax values at Carnac Island were not 
significantly different to the open ocean City Beach station in any of the three sampling trips 
(Figure 4.44) suggesting that production conditions at the Carnac Island station are similar to 
those at City Beach. However, ETRMax at the station located near the mouth of the Swan River 
(Port Beach) was universally lower than the City Beach and Carnac Island stations (Figure 
4.44) suggesting that the influence of the river may extend into the surrounding ocean.  
 

Key Findings 
 

• A hypothesis and conceptual model of soft sediment habitat condition or state 
is proposed based on the parameters we measured. It suggests that 
biogeochemical and ecological attributes of sediments can reveal the degree of 
alteration of sediments between a base state of “typical” or “healthy” sediment 
habitats and the degraded condition state. Some aspects of the model are 
simplistic and require qualification but it does present a practical approach to 
assessing habitats, designing and carrying out monitoring and for predicting 
the trajectory of sediment habitats where there is concern about the potential 
for anthropogenic enrichment. 
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Figure 4.44. ETRMax derived from PAM flourometer “rap id light curves” collected twice in 
summer and once in winter from a series of stations  located between Marmion Outfall north of 
Marmion lagoon and Southern Flats in the south of Co ckburn Sound (including one station in 
the Swan River). 

 
We tested for correlation among the environmental parameters (biomass, wave energy, depth 
and temperature. that are most likely to have an effect on ETRMax values Marmion Lagoon. In 
this case, ETRMax was not well correlated with chlorophyll a suggesting other environmental 
processes such as disturbance by waves have more influence here Table 4.12. PMax and 
chlorophyll a were both positively correlated to wave energy (Table 4.12), suggesting that 
waves stimulate production and biomass. Previous investigations in this region were biomass 
and production of BMA tended to be inversely proportional to natural and simulated 
disturbance (Forehead 2006). However, wave energy likely releases nutrients in the upper 
water column (Lourey and Kirkman 2009) and the positive correlation between 



SIMPLE MODELS FOR ASSESSING IMPACTS OF NUTRIENT ENRICHMENT 

WAMSI Node 1 Project 1 Annexure A• 30 June, 2011 469 

PMax/chlorophyll a and waves may be a community response to the release of those nutrients 
(Greenwood 2010). A correlation between ETRMax and depth has been observed in samples 
collected from a large range of depths (see chapter 3). There was no correlation between PMax 
and depth across the much smaller range of depths investigated here (6 – 15 m) (Table 4.12). 
This lack of correlation between PMax and depth suggests that the stations were effectively 
part of one functional depth zone (Forehead and Thompson 2010). The significant correlation 
between wave energy and temperature is a cross correlation reflecting seasonal effects on both 
those parameters (Table 4.12).  
 

Table 4.12. Pearson correlation coefficients and p v alues (in brackets) for the correlation 
between PMax with chlorophyll a content, wave energy, depth and temperature. P valu es < 0.05 
are highlighted in bold and n=28. 

 
 Chlorophyll a Bottom velocity  Depth Temperature 
PMax 0.197 (0.32) 0.390 (0.040) -0.072 (0.72) -0.024 (0.90) 
Chlorophyll a  0.440 (0.019) -0.223 (0.26) -0.218 (0.27) 
ubot (m s-1)   0.154 (0.43) -0.501 (0.007) 
Temperature    -0.112 ((0.57) 
 
 
The Swan river station had the lowest average alpha values (0.065 ± 0.011 to 0.105 ± 0.010 
µmol electrons µmol photons-1 depending on sampling trip), which were significantly lower 
than all the other the other stations in the corresponding year (Figure 4.45). The next lowest 
alpha values tended to be at the Northern Harbour station (in the first summer and winter 
samplings) although tended not to be universally different to surrounding stations (Figure 4.45). 
The rest of the stations were similar (Figure 4.45).  
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Figure 4.45. Alpha derived from PAM fluorometer “rap id light curves” collected twice in 
summer and once in winter from a series of stations  located between Marmion Outfall and 
Southern Flats in the south of Cockburn Sound (includ ing one station in the Swan River).  

 
The highest Ik values were typically measured at the open ocean stations. The lowest Ik values 
tended to be in Cockburn Sound, for example Jervoise Bank (58.9 ± 6.8 µmol photons m-2 s-1 in 
the second summer) and Southern Flats (57.8 ± 7.2 µmol photons m-2 s-1 in the second summer 
and 69.3 ± 7.5 µmol photons m-2 s-1 in the winter) (Figure 4.46) presumably in response to 
lower levels of ambient light reaching the sediments. These spatial variations in IK are broadly 
consistent with the spatial variations in PMax with one important exception. PMax (and alpha) 
in the Swan River were the lowest recorded while Ik at that station was equivalent to the 
highest values measured.  
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Figure 4.46. Ik derived from PAM flourometer “rapid light curves” collected twice in summer 
and once in winter from a series of stations locate d between Marmion Outfall north of Marmion 
lagoon and Southern Flats in the south of Cockburn So und (including one station in the Swan 
River). 

 
Seasonal variations in ETRMax were varied. In some situations ETRMax in winter was 
significantly lower than one or both summers (Marmion Outfall and MOF2) (Figure 4.44). 
However, in most situations where there was a significant trend, ETRMax in the winter was 
either higher than one (South Lumps, Whitford Rock, AA, MM1, MM2, MM4, M3MRN, Port 
Beach, City Beach, Northern harbour, Jervoise Bank, Cockburn, Southern Flats) or both 
summers (Wreck Rock) (Figure 4.44). At Marmion Outfall, Ik in the first summer (148.5 ± 6.8 
µmol photons m-2 s-1) was significantly higher than in the winter (79.0 ± 7.9 µmol photons m-2 
s-1) (Figure 4.46). At MM4, Ik in the first summer (174.4 ± 6.8 µmol photons m-2 s-1) and the 
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winter (142.0 ± 7.5 µmol photons m-2 s-1) were higher than the second summer (94.3 ± 6.8 µmol 
photons m-2 s-1) (Figure 4.46). At Southern Flats, the first summer Ik (101.4 ± 6.8 µmol photons 
m-2 s-1) was higher than the second (57.8 ± 7.15µmol photons m-2 s-1) and at Swam River, 
winter Ik (152.5 ± 7.9µmol photons m-2 s-1) was higher than the second summer Ik (105.8 ± 7.5 
µmol photons m-2 s-1) (Figure 4.46).  
 
There were few significant seasonal variations in alpha. At Wreck Rock the second summer 
(0.178 ± 0.010 µmol electrons µmol photons-1) was significantly lower than in the winter 
(0.245 ± 0.010 µmol electrons µmol photons-1) (Figure 4.45). The first summer (0.193 ± 0.011 
µmol electrons µmol photons-1) was lower than the winter but the difference was not significant 
(Figure 4.45). At Port Beach the second summer (0.183 ± 0.010 µmol electrons µmol photons-1) 
was lower than the first (0.259 ± 0.010 µmol electrons µmol photons-1) and the winter (0.254 ± 
0.011 µmol electrons µmol photons-1) (which were not different to each other) (Figure 4.45).  
 

 

Process Studies: Benthic Primary Production  

PMax was higher in summer than winter at all stations except Southern Flats, although in many 
cases these seasonal differences were not statistically significant (Figure 4.47 and Figure 4.48). 
The highest average Pmax measured was during summer at Cockburn Sound (96.7 ± 18.0 mmol 
O2 m-2 hr-1) with the second highest measured at Northern Harbor during summer (86.2 ± 13.0 
mmol O2 m-2 hr-1) (Figure 4.47 and Figure 4.48). The lowest summer PMax values were at 
Marmion Outfall and Southern Flats stations (34.9 ± 12.9 and 33.1 ± 5.9 mmol O2 m-2 hr-1, 
respectively) (Figure 4.47 and Figure 4.48). Summer PMax was significantly higher than winter 
PMax (i.e. 95% confidence intervals do not overlap) at City Beach, Cockburn Sound and 
Northern Harbour (Figure 4.48). Winter Pmax was significantly higher than summer PMax at 
the Southern Flats station.  
 
 

Key Findings:  
 

• In Marmion Lagoon ETRMax was lowest inshore, while mid lagoon and outer 
rates were similar. Unlike other studies ETRMax was not well correlated with 
biomass but this gradient is at least partly explained by differences in exposure 
to wave generated bottom stresses.  

 
• In Cockburn Sound, ETRMax lowest in what we consider to be our most 

“impacted” sites (Northern Harbour, Southern Flats and Swan River).  
 

• There was an ETRMax gradient along a series of stations distributed along a 
transect between a high sediment nutrient (Northern Harbour) and low 
sediment nutrient (Carnac Island) station. These three stations are on a east-
west transect running out of Cockburn S. ETRMax at the Carnac Island site is 
similar to City Beach an oceanic site well removed from Cockburn Sound. 

 
• The Port Beach located at the mouth of the Swan River has a lower ETRMax 

than its nearest stations (Carnac Island and City Beach), possibly reflecting the 
influence of the Swan River mouth. 
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Figure 4.47. Production (mmol O 2 m

-2 h-1) versus irradiance ( µµµµmol photons m -2 s-1) curves 
collected during summer (left) and winter (right) f rom six stations across our disturbance 
gradient. The blue dotted line is PMax and the red d otted line is Ik. The shaded area is the 95% 
confidence interval for the fitted curve.  
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Figure 4.48. Mean (and 95% confidence intervals) of  (top) PMax (mmol O 2 m

-2 h-1), (centre) 
Chlorophyll a concentration (mg m -2) and (bottom) PMax calculated from Chlorophyll a 
normalised oxygen flux data (mmol O 2 m

-2 h-1/mg m -2) collected in summer and winter from the 
six stations across the disturbance gradient.  

 
Biomass generally has a strong influence on production rates and this study is no exception. 
Around 63% of the variation in Pmax is explained by variations in biomass (Figure 4.49). The 
spatial variations in biomass were very similar to and generated the majority of spatial PMax 
variations. For example, the Cockburn and Northern Harbour stations had the highest summer 
concentrations of chlorophyll a (55.4 ± 6.9 and 53.2 ± 7.4 mg m-2 respectively) (Figure 4.48). 
Similarly, the large summer winter differences in PMax at the three Cockburn Sound stations 
(Cockburn, Southern Flats and Northern Harbour) were mirrored by similar variations in 
biomass (Figure 4.48). 
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Figure 4.49. The relationship between sediment chlo rophyll a content and PMax. 

 
PMax in the absence of the contribution made by differences in biomass (i.e production data 
normalised according to chlorophyll a content or Pb) tends to be higher outside Cockburn 
Sound than within. In summer, PbMax (a measure of production efficiency) was highest in the 
open at City Beach (3.2 ± 0.3 mmol O2 m

-2 h-1/mg m-2) and lowest at Southern Flats in 
Cockburn Sound (1.2 ± 0.4 mmol O2 m

-2 h-1/mg g-1) (Figure 4.48). This suggests that production 
efficiency is suppressed in Cockburn Sound. Most of the seasonal variations in PMax observed 
above were due to the seasonal differences in biomass and only City Beach displayed a 
significant summer to winter difference (a decrease) in PbMax (Figure 4.48). 
 
While IK appeared to be greater in Cockburn Sound (Cockburn, Southern Flats and Northern 
Harbour) than at stations outside the sound (Out fall, BB and City Beach), None of these 
differences were statistically significant (Figure 4.50). There were no significant seasonal 
differences in Ik at any of the stations (Figure 4.50). Similarly, there were also no significant 
spatial or seasonal differences in alpha across the six stations (Figure 4.50).  
 
Respiration rates (oxygen consumption in dark treatments) were variable although tended to be 
higher in Cockburn Sound than at stations to the north (Figure 4.50) possibly reflecting higher 
organic carbon loadings in the sound. This north-south difference was particularly evident in 
summer where the difference between the Cockburn Sound and the northern stations was most 
pronounced (Figure 4.50) presumably reflecting temperature related differences in microbial 
activity. Seasonally, the summer to winter differences in respiration were only significant at the 
Northern Harbour station (Figure 4.50). 
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Figure 4.50. Mean (and 95% confidence intervals) of  (top) Ik ( µµµµmol photons m-2 s-1), (centre) 
alpha (mmol O2 µµµµmol quanta-1) and (bottom) Rd (mmol O2 m-2 h-1) for  data collected in 
summer and winter from six stations across the dist urbance gradient. 
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Process Studies: Nutrient Fluxes 

The majority of mean nutrient fluxes encountered outside Cockburn sound were negative 
suggesting that consumption of nutrients by microphytobenthos is greater than supply from the 
sediments. Presumably, with little pelagic nutrients available (Lourey et al., 2006) nutrients 
released by the sediments are rapidly consumed to sustain the production. For example, silicate 
was universally consumed outside Cockburn Sound, while on average it was released inside the 
sound (Figure 4.51). Within Cockburn Sound the magnitude of the silicate fluxes was lowest at 
the Cockburn station where they were positive but not significant to zero, next highest was at 
Southern Flats and highest of all at Northern Harbour (Figure 4.51). Seasonal differences were 
generally not large and the difference between light and dark treatments generally not 
significant (Figure 4.51). 
 
Phosphate fluxes were a mix of production and consumption, and often these variations were 
not significantly different to zero (Figure 4.51). There were no consumption/production 
patterns that were specific to stations within the sound or outside (on average both consumption 
and production was evident in both locations see Figure 4.51). Average nitrate fluxes were 
generally strongly negative (consumption) in both the illuminated and dark experimental 
treatments and in both summer and winter seasons (Figure 4.51). The Southern Flats station 
was a notable exception to the general consumption trend (Figure 4.51). Nitrate was strongly 
consumed in dark and light treatments during summer but released during winter sampling 
(Figure 4.51). Ammonium was universally consumed outside Cockburn Sound, in both seasons 
and in both light and dark experimental treatments (Figure 4.51). Inside the Sound the situation 
is quite different. There was pronounced summer time ammonium release from sediments in 
the dark treatments (Figure 4.51).  
 

Key Findings:  
 

• Biomass has a strong influence on seasonal and spatial variations in primary 
production (variations in biomass explain 63% of the variability in production 
rates). 

 
• PbMax (production assessed independently of the effect of biomass = 

production efficiency) was generally higher at open stations than in Cockburn 
Sound, suggesting that production efficiency is suppressed in Cockburn Sound. 

 
• Respiration rates (oxygen consumption in dark treatments) tended to be higher 

in Cockburn sound than at open ocean stations to the north possibly reflecting 
higher organic carbon loadings in the sound.  

 
• This north-south difference in respiration rates was generally most evident in 

the summer, presumably reflecting temperature related constraints on 
microbial activity.  
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Figure 4.51 Summer and winter sediment nutrient flux es (mmol nutrients m-2 hr-1) at six 
stations along the disturbance gradient. The statio ns arranged from top to bottom are the 
Marmion Outfall, BB (in Marmion Lagoon) City Beach,  Cockburn, Southern Flats and Northern 
Harbour. The dark bars are dark fluxes (respiration ) and the light bars represent the average of 
all the irradiated treatments.  

 
Conceptually, we expect a negative relationship between dissolved oxygen and nutrient fluxes. 
Strong bacterial activity is expected to consume oxygen and release nutrients (particularly 
ammonium) as organic matter is consumed and broken down. In contrast high levels of primary 
production would produce oxygen and consume nutrients. In general, the relationships between 



SIMPLE MODELS FOR ASSESSING IMPACTS OF NUTRIENT ENRICHMENT 

WAMSI Node 1 Project 1 Annexure A• 30 June, 2011 479 

dissolved oxygen and nutrient concentration for each of the nutrient species were negative 
(Figure 4.52). Particularly in instances where benthic respiration dominates (i.e. where there 
was net dissolved oxygen consumption). The highest rates of silicate, phosphate and 
ammonium production were in situations where the oxygen fluxes were negative (Figure 4.52). 
The gradient of the relationship between the dissolved oxygen and nutrient fluxes was also 
steepest where flux rates were less than zero (Figure 4.52). For the dissolved inorganic nitrogen 
fluxes (i.e. NH4 plus NO3) the steeper relationship between dissolved oxygen consumption and 
nutrient flux starts around -15 mmol DO m-2 hr-1 (Figure 4.53) suggesting that dark nutrient 
uptake by phytoplankton dominated production up until that point.  
 

 
 

Figure 4.52. Relationship between oxygen production /consumption and sediment nutrient flux. 
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Figure 4.53. Relationship between oxygen production  consumption and sediment dissolved 
inorganic nitrogen flux for situations where respir ation dominates production (i.e., the 
dissolved oxygen flux is less than zero). 

 
In situations where production dominates respiration, the nutrient fluxes were generally 
centered around zero (e.g. Forehead and Thompson 2010) despite large variations in the 
magnitude of the oxygen flux (Figure 4.52). These nutrient fluxes represent a small proportion 
of what would be expected from the rates of oxygen production and Redfield requirements of 
phytoplankton. These lower than Redfield nutrient flux rates suggest that rapid uptake by 
microphytobenthos dominates the nutrient dynamics in these sediments. Presumably, with little 
pelagic nutrients available nutrients released from the sediments are rapidly consumed to 
sustain the production Nitrate fluxes were an order of magnitude smaller than the ammonium 
fluxes (i.e., up to ~0.2 mmol m-2 hr-1 for nitrate compared to >2 mmol m-2 hr-1 for ammonium 
see Figure 4.51). This large efflux of ammonia relative to nitrate suggests nitrification may 
have been inhibited (possibly by low dissolved oxygen) and conversion of ammonium to nitrate 
is small. Alternately nitrate generated by nitrification may have been lost via coupled 
denitrification. However, as previously measured rates of denitrification in Cockburn Sound 
sediments were low (Forehead 2006) the loss of significant nitrate through that process (or 
annamox) is perhaps unlikely.  
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Nitrogen gene community 

Total DNA extracted from the samples was higher in winter than summer at the Cockburn 
Sound and Southern Flats stations (Figure 4.54) it is likely that this DNA comes from a range 
of organisms including microbes and MPB.. The abundance of both the ammonia oxidising 
archaea (AOA) and the ammonia oxidising bacteria (AOB) was higher in winter than summer 
at all of the stations sampled (Figure 4.54). As a result, AOA and AOB are a higher proportion 
of the total DNA in winter than summer at all but the Southern Flats station (Figure 4.55). The 
ratio of AOA to AOB was greater in summer than winter at four of the stations (Figure 4.55). 
Seasonal variations in the abundance of the nirS gene were only significant at the Marmion 
Outfall station (higher in winter than summer, see Figure 4.1) and mostly varied in concert with 
changes in total DNA (Figure 4.55). 

Key Findings:  
 

• The majority of mean nutrient fluxes encountered outside Cockburn sound 
were negative suggesting that consumption of nutrients by microphytobenthos 
out strips supply from the sediments.  

 
• Ammonium was universally consumed outside Cockburn Sound, in both 

seasons and in both light and dark experimental treatments suggesting that 
there is dark uptake by microphytobenthos at these stations. 

 
• Inside the Sound there was pronounced summer time ammonium release from 

sediments in the dark treatments suggesting that remineralisation of organic 
matter during summer is greater than the capacity of dark uptake by MPB to 
consume released nutrients. 

 
• Large efflux of ammonia relative to nitrate suggests nitrification may have 

been inhibited (possibly by low dissolved oxygen) or that nitrate generated by 
nitrification may be lost via coupled denitrification or anammox.  
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Figure 4.54. The abundance of total DNA, ammonia ox idising bacteria (AOB), ammonia 
oxidising archaea (AOA) and nirS genes from six stations along the disturbance grad ient. The 
solid symbols are samples collected in winter and t he open symbols are samples collected in 
summer.  
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Figure 4.55. Relative abundance of ammonia oxidisin g bacteria (AOB), ammonia oxidising 
archaea (AOA) and nirS denitrifier genes to the tota l DNA. as well as the relative abundance of 
AOA to AOB genes from six stations along the distur bance gradient. The solid symbols are 
samples collected in winter and the open symbols ar e samples collected in summer.  

 
The abundance of AOA and AOB were similar at all the stations in summer (Figure 4.54). In 
winter, AOA abundance was highest at the Northern Harbour and Southern Flats stations (both 
in Cockburn sound) while AOB abundance was highest at the Northern Harbour station (Figure 
4.54). The ratio of AOB to AOA was similar at all the stations in summer, while in winter AOB 
was more abundant relative to AOA at the Marmion Outfall, City Beach, Cockburn Sound and 
Northern Harbour stations (Figure 4.55). Spatial variations in total DNA and the nirS denitrifier 
gene were small (Figure 4.54). 
 
Both the AOA and AOB phylotypes are present in sediments in both seasons and at all six 
stations. Both phylotypes no doubt contribute to nitrification in these sediments. Seasonally, 
both the AOA and AOB distributions are very similar with greater numbers in winter than 
summer and form a larger percentage of the total DNA in that season. Understanding these 
seasonal trends in AOA and AOB abundance is difficult because multiple interacting factors 
influence the distribution. However, similar seasonal variations in suggests that the factors that 
control the distribution of AOA also control AOB. The higher abundance of nitrifiers in winter 
compared to summer coincides with decreased efflux of ammonia at the corresponding sites, 
suggesting that and increase in nitrifier biomass may effect an increase in nitrification rate.  
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The nirS genes were detected in both seasons and at all stations at high abundance compared to 
similar studies, suggesting genomic potential for denitrification. These genes were distributed 
evenly between stations and between seasons. However, the detection of the nirS gene here 
does not necessarily correspond to denitrifying activity as the gene is present in the majority of 
heterotrophic microorganisms. Previous studies in these (Cockburn Sound) sediments have 
found very low rates of denitrification (Forehead 2006). Conditions in WA sediments may not 
sufficiently anoxic to generate high rates of denitrification. In the presence of O2 the 
denitrifying bacteria present may effectively function as heterotrophs. 
 

 

4.4 Summary 

The motive for the research contained within this chapter was to develop a conceptual 
understanding of ecosystem responses to forcing factors (primarily sediment nutrient load) with 
the ultimate aim of improving our capacity to predict the impacts of sediment nutrient 
enrichment. The wide range of parameters measured in this study across a gradient of nutrient 
enrichment together with studies of the biogeochemical processes have provided an insight in 
the function of these habitats and their response to nutrient enrichment, A number of simple 
regression models are used to describe these responses and a conceptual model of transition 
states for soft sediment habitats subject to nutrient enrichment is provided as an aid to 
monitoring and managing impacts to these habitats. 
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