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Executive Summary

A significant aim of  SRFME was to characterize the continental shelf/slope pelagic ecosystem 
off  southwestern WA in terms of  its productivity and dynamics, and the physical, chemical and 
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biological factors driving variability along dominant spatial and temporal scales.  To achieve 
this, we took a number of  approaches which included field sampling, instrument deployment 
and remote sensing studies between Jurien Bay in the north and Geographe Bay in the south. 
We used a range of  conventional oceanographic methods as well as developing and testing 
new methodologies using in situ benthic chambers to measure sediment-nutrient flux and 
hydroacoustics to estimate the distribution, abundance and biomass of  nektonic fauna. The 
most significant field undertaking was monthly sampling from 2002 – 2004 along a transect 
off  Two Rocks from nearshore to the outer continental shelf  (100 m water depth), which we 
extended quarterly to offshore waters (1000 m depth).  Cruise sampling was combined with 
satellite observations of  sea surface temperature (SST), ocean colour and altimetry, and 
subsurface measurements of  currents and temperature from moorings.  The Two Rocks 
transect field program involved six core research components:   

1)  The physical structure and nutrient dynamics within the water column

2)  Phytoplankton community composition, biomass and productivity

3)  Microzooplankton communities and their grazing dynamics (reported in detail in Volume 1 
– Section. 2.2.9)

4)  Mesozooplankton communities and their grazing dynamics

5)  Ichthyoplankton community composition and ecology (reported in detail in Volume 1 
– Section 2.2.8)

6)  Spatial structure of  zooplankton and micronekton communities

Along the Two Rocks transect, standard sampling protocols included: meteorological (wind, 
air temperature) observations from coastal stations; vertical CTD (conductivity-temperature-
depth) casts with concurrent measurement of  in situ fluorescence, dissolved oxygen and 
subsurface irradiance; discrete water column samples for analysis of  salinity, dissolved 
nutrients (nitrate+nitrite, ammonium, phosphate and silicate), chlorophyll a, HPLC pigments, 
particulate organic carbon, phytoplankton and microzooplankton species composition and 
abundance, primary production, and microzooplankton grazing; sediment trap deployments 
for measurement of  vertical carbon fluxes; bongo net samples for mesozooplankton biomass, 
species composition, grazing rates and secondary production; low-frequency acoustic 
transects, and high-frequency acoustic vertical profiles in combination with targeted water 
column zooplankton sampling. Nutrient regeneration within the sediments and exchange 
with the water column was measured seasonally at a range of  spatial scales within Marmion 
Lagoon, in Geographe Bay and Jurien Bay. Benthic chambers were used to measure in situ 
flux rates. 

The study resulted in an unprecented level of  information of  the biological oceanography 
of  the region and clearly identified patterns of  seasonal variability which can largely be 
explained by the region’s unique oceanography. In addition we established important cross 
shelf  variability in the dominant functional groups of  phytoplankton and zooplankton. The study 
provided important parameters for the biogeochemical modeling undertaken in SRFME and 
reported in Chapter 4.

The main findings of  the study are summarized as follows. 

The nutrient flux from sandy sediments to the water column was highly variable, with greater 
variability among stations within a location than among seasons. The seasonal cycle of  total 
carbon content in the sediments was not reflected in the nutrient flux. The lack of  a clear 
seasonal signal may have resulted from most of  the nutrient flux occurring in pulses during 
extreme events, which was not captured by the sampling. Far higher levels of  ammonium were 
released into the water column than nitrate, and the N:P ratio was far lower (~2 – 2.8) than the 
expected Redfield ratio of  16. 

Distinct surface phytoplankton assemblages were observed on the inner shelf  and further 
offshore, and between summer and winter.  The outer shelf  and offshore stations were 
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characterised by high prochlorophyte and unicellular cyanobacteria populations, while 
small flagellates and periodic diatom blooms dominated inshore waters.  Small haptophytes 
were ubiquitous.  Cell count and HPLC analyses proved complementary, with the cell counts 
emphasizing the larger phytoplankton — mostly diatoms and large filamentous cyanobacteria 
— and the HPLC focusing on the smaller pico- and nanophytoplankton.

Extensive measurements were undertaken to validate and calibrate the standard algorithms 
used to assess chl a from remotely sensed ocean colour. The standard ocean colour 
algorithms used by sensors such as SeaWiFS and MODIS appear to produce accurate 
estimates of  chl a, and hence phytoplankton biomass, most of  the time. Although the 
absorption properties of  the different in-water components were all considered low for 
coastal waters, at times there is a higher contribution of  CDOM than phytoplankton to the total 
absorption which results in an over-estimate of  the in situ chl a. 

Zooplankton biomass was generally greatest in late autumn and winter.  The assemblages 
differed significantly in nearshore and shelf/offshore waters and between winter and other 
seasons, following patterns among species groups observed elsewhere in coastal waters. 

Mesozooplankton community grazing was examined with a newly modified analytical method 
that enabled meso- and microzooplankton grazing to be simultaneously estimated, along with 
phytoplankton production. Mesozooplankton grazing on both total phytoplankton and on the 
microzooplankton was lowest inshore and increased with distance offshore. The increased 
predation on the microzooplankton offshore was consistent with the smaller phytoplankton 
and increased role of  microzooplankton grazing generally observed offshore.  Grazing 
by mesozooplankton on phytoplankton was low, and the proportion of  primary production 
removed by microzooplankton decreased with increasing mesozooplankton biomass. 

We used three methods to estimate secondary production: copepod egg production rates, a 
biochemical assay related to rates of  protein synthesis, and simple non-food-limited production 
models based on copepod abundance and size. Secondary production was low in comparison 
with productive marine environments, but comparable to estimates off  the North West Cape. 
There was no correlation between phytoplankton biomass and secondary production.  
Secondary production was at times a very high proportion of  primary production, in relation to 
the contribution by large phytoplankton alone. 

Low frequency acoustic data were used to characterize the distribution of  micronekton across 
the transect.  Seasonal patterns were seen, with the main pattern (principal component 1, 
which explained 31% of  the variability) based on inshore backscattering peaking in autumn, 
with an opposite pattern in winter. Principal component 2, which explained 19% of  the 
variability, highlighted the inner and outer shelf. Increased backscattering on the inner shelf  (15 
– 20 km offshore) and on the outer shelf  just offshore of  the 100 m depth station was observed 
on virtually all summer cruises. 

A high frequency acoustic system (TAPS) was used to examine the vertical distribution 
of  zooplankton through the water column. The instrument proved capable of  detecting 
zooplankton even at the relatively low plankton densities in our region.  

3.1 Introduction

Investigator / Institution

 Tony Koslow  CSIRO Marine and Atmospheric Research

Background

The dominant oceanographic influence on the pelagic ecosystem off  the west coast of  WA is 
the Leeuwin Current, the world’s only poleward-flowing eastern boundary current (Cresswell 
and Golding 1980) (see Fig. 2.1). The Leeuwin Current (LC) flows predominantly along the shelf  
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break, bringing warm, nutrient-poor water in its surface layer southward and, as a downwelling 
current, is generally held to be responsible for the region’s low pelagic productivity, relative to 
other eastern boundary current regions (e.g. the California, Peru and Benguela Current regions) 
(Pearce 1991). The Leeuwin Current is highly seasonal, peaking in the autumn and winter and 
reduced in summer when it flows against the prevailing monsoonal southerly ‘sea breeze,’ which 
drives north-flowing counter-currents inshore of  the LC over the shelf—the Ningaloo Current in 
the north and Capes Current in the south.  Leeuwin Current flow is also closely linked with the 
ENSO cycle, being weaker during El Niño years when the Indonesian Throughflow is reduced: 
the Throughflow sets up the meridional pressure gradient that drives the Leeuwin Current (Feng 
et al. 2003, 2004). SRFME has succeeded in verifying the assumed relationship between the 
Leeuwin Current and Fremantle sea level and in quantifying annual variability and ENSO related 
variability in Leeuwin Current transport (see Ch. 2).

Recruitment to the western rock lobster (Panulirus cygnus) fishery, Australia’s most valuable 
single-species fishery, is closely correlated to the Leeuwin Current and ENSO cycle (Caputi 
et al. 2001), along with recruitment to other fisheries such as whitebait and pilchard (Caputi 
et al. 1996). A model of  larval transport indicates that differential transport is probably not 
responsible for the correlation with western rock lobster recruitment, suggesting that it is 
based on changes in biological productivity (Griffin et al.  2001).  Interestingly, rock lobster 
recruitment is higher during La Niña years, when flow of  nutrient-poor LC water is enhanced.  
However until recently the biophysical dynamics of  this system were virtually unstudied: 
the seasonal cycles of  the plankton in coastal, shelf  and Leeuwin Current waters were not 
described, and the potential links between climate variability and biological productivity 
were not known.  As recently as 1998, the plankton cycle off  WA was mistakenly believed  to 
follow the typical temperate shelf  pattern characterised by a strong spring bloom and low 
productivity in summer and winter (Longhurst 1998).

Management of  marine resources and habitats requires that we distinguish the effects of  
natural climate variability and climate change from anthropogenic effects.  Understanding how 
climate forcing influences nutrient, phytoplankton, zooplankton and micronekton dynamics 
across the shelf  in southwestern Australia has important application to fisheries resource 
assessment and management of  the marine environment.  The overall aims of  SRFME were to 
describe seasonal cycles in the physical structure of  the water column, nutrient profiles and 
plankton communities and their dynamics across the shelf  and Leeuwin Current and to assess 
the mechanisms driving these patterns.

Objectives

The objectives of  this component of  the SRFME study were to:

•	 Describe biophysical ocean structure, its seasonal cycle and interannual variability based 
on remote sensing data and monitoring temperature, salinity, nutrients, phytoplankton 
(chlorophyll and other pigments) and zooplankton along an onshore-offshore transect 
north of  Perth (Two Rocks).

•	 Assess the nutrient flux across the sediment-water interface.

•	 Measure primary productivity and parameters related to zooplankton grazing and 
productivity at selected stations.

•	 Apply acoustic methods to monitor zooplankton and higher trophic levels and assess fine-
scale distributions based on Tracor Acoustic Profiling System (TAPS) (6 frequencies, 300 
kHz - 3 megaHz) and underway 38 and 120kHz frequencies.

•	 Provide input data and collaborate in development of  biogeochemical and nutrient-
phytoplankton-zooplankton (NPZ) models for the coastal zone and continental shelf.
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Field program

An extensive field research program was undertaken over a 3-year period (2002 – 2004) 
off  the southwestern coast of  Western Australia.  The study was conducted along an 85 km 
oceanographic transect off  Two Rocks, WA (Fig. 3.1).  
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Figure 3.1:  Location of  the Biophysical Oceanography ‘Two Rocks Transect’, north of  Perth, Western 
Australia and regularly-sampled stations.  

Five core stations (A to E; Table 3.1) were sampled on a monthly to quarterly basis, and 
encompassed coastal ‘lagoon’ (Stn A: 15 m depth), inner shelf  (Stn B: 40 m), outer shelf  (Stn 
C: 100 m), shelf-break (D: 300 m) and offshore (Stn E: 1000 m) regions (Figs. 3.1, 3.2).  In 
addition to the full sampling programs at these five stations, between-station CTD (conductivity-
temperature-depth) profiles were undertaken during the quarterly cruises of  2003 and 2004 
(stations AB, BC, CE and DE; Table 3.1).  Complete details of  the sampling program and 
methodologies used are included in succeeding sections.  Over the duration of  the study, 
27 research cruises were successfully completed (Table 3.2), resulting in a comprehensive 
temporal dataset of  integrated biological, chemical and physical oceanography within the 
southwestern Australian region.
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Table 3.1.  Location, nominal water depth and distance offshore of  the Two Rocks Transect stations.  

Station Latitude 
(°S)

Longitude 
(°E)

Depth 
(m)

Distance 
(km)

A 31.5195 115.5980 15 4

AB 31.5363 115.5594 36 14

B 31.5772 115.4632 40 27

BC 31.6183 115.3652 50 32

C 31.6484 115.2956 100 40

CD 31.6799 115.2210 150 50

D 31.7215 115.1230 300 61

DE 31.7650 115.0198 700 73

E 31.8118 114.9092 1000 85
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Figure 3.2:  Cross-shelf  profile of  the Two Rocks Transect stations (A to E), illustrating a) large scale 
bathymetry (to 1000 m water depth) overlaid with region labels, and b) detailed bathymetry (to 200 m 
water depth) with an indication of  maximum sampling depths.  
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Table 3.2.  Summary of  the Biophysical Oceanography surveys undertaken during the 3-year field 
program off  Two Rocks, WA.

Voyage Month Year Season Vessel Stations

MI200201 Feb 2002 Summer Maritime Image A, B, C, E

MC200202 Mar 2002 Fall Mesocat A, B

MC200203 May 2002 Fall Mesocat A, B, C

NA200204 Aug 2002 Winter Naturaliste A, B, C, D, E

MC200205 Nov 2002 Spring Mesocat A, B, C

MI200206 Dec 2002 Summer Maritime Image A, B, C, D, E

MC200301 Jan 2003 Summer Mesocat A

NA200302 Feb 2003 Summer Naturaliste A, B, C, D, E

MC200303a Mar 2003 Fall Mesocat C

MC200303 Apr 2003 Fall Mesocat A, B, C

NA200304 Apr 2003 Fall Naturaliste A, B, C, D, E

MC200305 Jun 2003 Winter Mesocat A, B, C

MC200306 Aug 2003 Winter Mesocat A

SS200307 Aug 2003 Winter Southern Surveyor A, B, C, D, E

MC200308 Sep 2003 Winter Mesocat A, B, C

SS200309 Oct 2003 Spring Southern Surveyor A, B, C, D, E

NA200311 Dec 2003 Summer Naturaliste A, B, C, D, E

SS200401 Jan 2004 Summer Southern Surveyor A, B, C, D, E

MC200402 Apr 2004 Fall Mesocat A, B, C

MI200403 Apr 2004 Fall Maritime Image A, E

MC200404 Jun 2004 Winter Mesocat A, B, C

MI200405 Jul 2004 Winter Maritime Image A, B, C, D, E

MC200406 Aug 2004 Winter Mesocat A, B, C

NA200407 Sep 2004 Spring Naturaliste A, B, C, D, E

MC200408 Oct 2004 Spring Mesocat A, B, C

MC200409 Nov 2004 Spring Mesocat A, B, C

NA200410 Dec 2004 Summer Naturaliste A, B, C, D, E

Seven primary tasks were established to meet the objectives of  determining the spatial 
(onshore-offshore) and temporal (seasonal and interannual) patterns of  variability in the 
biological oceanography of  southwestern Australia, and of  describing and modeling regional 
biogeochemical processes.  These included measurement of:

1)  Physical structure and nutrient dynamics within the water column

2)  Phytoplankton community composition, biomass and productivity

3)  Microzooplankton communities and their grazing dynamics

4)  Mesozooplankton communities and their grazing dynamics

5)  Ichthyoplankton community composition and ecology

6)  Spatial structure of  zooplankton and micronekton communities

7) Modeling biogeochemical processes in the inshore lagoon and across the continental shelf  
and Leeuwin Current
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Tasks 3 and 5 (microzooplankton and ichthyoplankton dynamics) formed the basis for two PhD 
projects, undertaken by Harriet Paterson (UWA) and Barbara Muhling (Murdoch), respectively.  
The findings from these student components are reported in Volume I of  the SRFME Final Report.

Nutrient regeneration across the sediment-water interface was examined as well at three sites 
along the coast: within Marmion Lagoon and in Geographe and Jurien Bays.

3.2  Temporal and Spatial Variability in Biophysical Oceanography Across the  
Continental Shelf and Slope

3.2.1  Nearshore Sediment/Water Column Exchange Processes

Investigator / Institution

 Martin Lourey and Paul Dean CSIRO Marine and Atmospheric Research

Introduction

The microbial remineralisation of  organic matter and flux of  the released nutrients back to 
the water column may be an important component of  coastal nutrient budget. Phytoplankton 
fix water column nutrients (including those from anthropogenic sources) into organic matter, 
some of  which is deposited on the sea floor.  Once incorporated into the sediments it may 
be remineralised and released across the sediment water interface to maintain water column 
productivity.  Some sediment processes play an important role in moderating the amount of  
organic matter that is recycled across the sediment water interface. For instance, the bacterial 
conversion of  nitrate to N

2
 gas (denitrification) removes nitrate from the system to the extent 

that this process limits algal growth in some systems with high endogenous nutrient loads 
(Berelson et al. 1998).  Variations in organic matter loads, benthic metabolism and processes 
such as denitrification may therefore lead to shifts in pelagic primary productivity.

Despite the potential contribution that variations in sediment nutrient processes make to the 
Western Australian coastal nutrient budget, to date temporal and spatial variations in this 
region and in sandy sediments generally are largely unknown.  Furthermore, the response 
of  these processes to human influences, such as input of  anthropogenic nutrients, habitat 
alteration and marine bio-invasions have also not been studied.  This study makes the first 
attempt to quantify the resupply of  nutrients from the sediments to the water column in WA and 
improve our understanding of  the physical, chemical and biological processes that control the 
magnitude of  these important nutrient processes. 

Materials and methods

Study sites

Field work was conducted between January, 2005 and January 2006.  In situ benthic 
chambers were deployed and cores collected from nine sites distributed between Bunbury 
in the South and Jurien Bay in the North (Fig. 3.3).  Sites were clustered about the three core 
research stations of  the SRFME Coastal Ecosystems and Biodiversity project, namely Perth 
Coastal, Geographe Bay adjacent the town of  Bunbury, and Jurien Bay located well to the 
north of  metropolitan Perth.  A nested hierarchical sampling design was employed in order to 
estimate the variability at the following spatial scales: 10m, 1,000m and 10,000m (Fig. 3.3).  At 
each station or geographic region, three sites were selected, each separated by around 10 
km.  Within each of  these sites two locations separated by 1,000m were sampled.  At each 
location replicate benthic chambers were deployed <10m apart (Fig 3.3).  Sediment nutrient 
pools and fluxes were measured along the 10m depth contour.  
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Figure 3.3:  Map of  WA indicating the location of  the core SRFME stations and schematic outlining the 
nested sampling design.  The open and closed circles represent light and dark chambers. 

Chambers

Each CSIRO benthic lander consists of  paired dark and light acrylic chambers (Fig 3.4).  The 
chambers are lowered slowly and settled into the sediment surface by venting water through 
a number of  one-way valves trapping a nominal volume of  12.5 litres against 0.075 m2 of  
the sediment surface.  Seating of  the chambers into the sandy sediments was confirmed 
by divers.  Each chamber was stirred slowly to break up concentration gradients within 
the chamber. Stirring commenced at the beginning of  each deployment.  A known volume 
of  CsCl was injected into each chamber, the dilution of  this Cs spike at the first sampling 
was used to determine the volume of  water trapped in the chamber and as an indication of  
exchange between the chamber and surrounding water.  Five water samples were drawn 
into 60ml syringes at regular intervals throughout the deployment.  Oxygen concentration 
was recorded at 10 minute intervals using a pulsed oxygen probe tapped into the lid of  each 
chamber.  These chambers were deployed for around 5.5 hours at each location, a time period 
generally sufficient to record a discernable dissolved oxygen flux in the dark chambers without 
completely depleting the oxygen.  Our aim was to not deplete the dissolved oxygen by any 
greater than 20% and avoid artificially promoting anaerobic processes.   After recovery, the 
syringes were subsampled for dissolved nutrients (filtered through a 0.45um membrane), and 
stored frozen until analysis.
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a)

b)

Fig 3.4:  CSIRO benthic landers.

Cores

At each sampling location four sediment cores were collected by divers using 10cm diameter 
acrylic tubes.  After retrieval, the overlying water was carefully siphoned off  two of  the cores 
and subsamples of  the surface sediment collected for pigment analyses (cryovials, stored 
frozen at -86°C), moisture content (preweighed petri dish, stored frozen), particulate nutrients 
and organic carbon (25 ml plastic vials, stored frozen until dried) and sediment grain size (zip 
lock bag, stored frozen until dried).  The water was drained from the other two cores and the 
top 1cm collected for lipid analyses (solvent washed glass jars, stored frozen).  

Sample analyses

Dissolved nutrients, phosphate, nitrate, nitrite and silicic acid (silicate) were determined 
colorometrically by flow injection analysis using standard methods.  The ammonium channel 
of  the same instrument was modified to measure that species fluorometrically for improved 
sensitivity.  Dissolved oxygen concentration was measured at 10 minute intervals inside 
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each chamber with a pulsed dissolved oxygen probe tapped into the lid.  Each electrode 
was regularly calibrated against 0% and 100% dissolved oxygen standards prepared using 
treatments of  sodium sulphite (0%) and aerated (100%) seawater samples.  

Particulate nitrogen and carbon were determined using CHN analysis on bulk sediment 
samples dried at 60°C and ground to a fine powder.  The particulate organic carbon fraction 
was determined by subtracting the total carbon from the particulate organic carbon fraction 
(determined after acidification to drive off  the carbonates).  

Results

Fluxes of  all species (determined by linear regression) were highly variable between stations 
(and replicate deployments) in each of  the study regions (Marmion, Jurien and Bunbury).  The 
spatial variability between stations was generally greater than the variability between seasons 
(Figs. 3.5, 3.6 and 3.7).  Mean dark dissolved nitrogen fluxes ranged from –428 μmol m-2 day-1 
in Geographe Bay during summer to 1304 μmol m-2 day-1 in Marmion during winter (Figs. 3.6 
and 3.7).  Both the light and dark dissolved nitrogen fluxes were dominated by ammonium 
flux.  Nitrate fluxes (consumption or release) were generally low (<20% of  the magnitude of  
the ammonium flux), with the exception of  Jurien in summer (70% of  the ammonium flux) and 
Bunbury in autumn where the nitrate flux was greater than ammonium (Figs. 3.5 and 3.6).  
Because of  the variability there were no obvious significant differences between light and dark 
fluxes.  Mean silicate and phosphate fluxes were similarly variable with no obvious seasonal 
trend (Figs. 3.5, 3.6 and 3.7).  For example, mean phosphate flux in the dark chambers 
decreased during the course of  the year between winter and spring in Jurien (Fig. 3.5) but 
increased over the same period in Marmion (Fig. 3.6). 
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Fig 3.5:  Mean (and standard deviation) seasonal variation of  sediment nutrient flux (μmol m-2 day-1)  
measured in clear (blue bars) and opaque (black bars) benthic chambers in Jurien.  
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Fig 3.6:  Mean (and standard deviation) seasonal variation of  sediment nutrient flux (μmol m-2 day-1) 
measured in clear (blue bars) and opaque (black bars) benthic chambers in Marmion.  
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Fig 3.7:  Mean (and standard deviation) seasonal variation of  sediment nutrient flux (μmol m-2 day-1) 
measured in clear (blue bars) and opaque (black bars) benthic chambers in Bunbury.  
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The ratio of  dissolved nitrogen (ammonium + nitrate flux) to phosphate flux (N to P ratio) was 
considerably lower than what we would expect from the remineralisation and resupply of  marine 
phytoplankton (an N to P ratio of  16, Redfield et al. 1963).  The highest N to P ratio observed here 
is for samples collected in Jurien averaging around 4.5 in both light and dark treatments (Fig. 
3.8).  The lowest values are from Bunbury (-2.6 and -1.2 for light and dark treatments, however, 
this relationship is uncertain due to scant data from this area and the relationship is strongly 
influenced by a small number of  the data points (Fig. 3.8). Combining all the data the N to P ratio 
is around 2.0 in the light and 2.8 in the dark treatments, respectively (Fig. 3.8).  
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Fig. 3.8: Dissolved inorganic nitrogen flux (DIN) to phosphate flux (P) ratio in light (left) and Dark (right) 
treatments (μmol m-2 day-1).  The solid line is the Redfield N:P ratio.

Sediment organic carbon content (and nitrogen content) in Marmion increased from around 
0.2% C by dry wt (0.014% N by dry wt) in summer to peak of 0.5% C by dry wt (0.03% N by 
dry wt) in winter before falling back to 0.25 C by dry wt (0.02 N by dry wt) in autumn (Fig. 3.9).  
However, a similar seasonal pattern observed in the total carbon content (dominated by carbonate 
concentration) suggests there may have been some variation in the sediment composition between 
surveys, possibly due to physical sorting (Fig. 3.9).  In Jurien where the total carbon content was 
the same throughout the season, the organic carbon content was highest in summer and autumn 
and lowest in winter and spring, coinciding roughly with variations in biomass (Fig. 3.9).  
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Figure 3.9:  Seasonal (mean and standard deviation) variation in sediment carbon and nitrogen content 
(% of  dry weight) as well as benthic microalgal biomass estimated from chlorophyll a concentration (μg 
g-1 of  wet weight).  

Discussion

Spatial variability

The inner shelf  region of  the WA shelf  is dynamic. Waves and currents resuspend and sort 
sediments releasing trapped organic material and porewaters (Fanning et al. 1982; Kendrick 
et al. 1998).  As such the physical composition (grain size), benthic algal community and 
supply and distribution of  particulate organic matter in marine sediments is heterogeneous 
(Kendrick et al. 1998; van Keulen and Borowitzka 2003).  The dynamic nature of  the system 
and heterogeneous sediment distribution drives considerable spatial variability in sediment 
nutrient processes.  Here the spatial variability in sediment nutrient fluxes at each station was 
greater than the average variation between seasons.  Variations in the hydrodynamic forcing 
between the stations (and at a smaller scale between replicate deployments) will control the 
accumulation of  organic carbon and in turn the macroinvertebrate community present (Witte 
2000; Lennon and Pfaff, 2005).  Long periods of  accumulation of  organic matter that might be 
expected between storm events or in sheltered areas will increase nutrient concentration in 
porewaters and possibly diffusive fluxes in chambers.  Organic rich or sheltered sediments will 
also have a higher population of  macroinvertebrate grazers (polychaete worms, molluscs etc) 
which could increase non-diffusive nutrient fluxes by increasing carbon turnover (Arzayus and 
Canuel, 2004; Wenzhofer and Glud 2004).

Benthic nitrogen fluxes are not well correlated to the concentration of  particulate nitrogen 
(or total organic carbon) in the sediments.  However, this does not immediately suggest 
that accumulation of  organic material does not make an important contribution to sediment 
nutrient fluxes.  It is likely that the labile particulate organic nitrogen fraction or the fraction 
that is vulnerable to bacterial remineralisation makes most of  the contribution to the observed 
nutrient fluxes (Cowan et al. 1996).  Our measurements of  total particulate nitrogen include 
both the labile fraction and the refractory material.  Because it is relatively impervious to 
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bacterial activity it is probable that the refractory component dominates over the labile fraction.  
Sediment trap measurements of  the rate of  supply of  fresh organic carbon to the sediments 
may be a better mechanism for determining spatial variations in the supply of  labile organic 
carbon to the sediments.  

Non-diffusive fluxes may significantly alter observed sediment nutrient fluxes.  Non-diffusive 
fluxes include the contribution made to the observed nutrient flux by hydrodynamic and 
biotic processes (Arzayus and Canuel, 2004).  These processes may contribute to the fluxes, 
but mostly reduce the apparent fluxes by transporting water out of  the chamber during the 
deployment (Webb and Eyre 2004).  Sandy sediments such as those in our study region may 
be more susceptible to the influence of  non-diffusive sources of  exchange than finer grained 
sediments.  For example, water movement across the sediment and pressure variations 
associated with waves may advect water through permeable sediments resulting in exchange 
with the chamber waters (Precht et al. 2004).  This will reduce the magnitude of  the observed 
nutrient fluxes.  The reduction in the observed nutrient flux by non diffusive processes can be 
estimated by observing the extinction of  an inert tracer (CsCl) from the chambers (Webb and 
Eyre 2004).  While the non-diffusive fluxes estimated from caesium extinction varied widely 
(due to differences in bioirrigation and porosity of  the sediments), they were not correlated 
directly to the magnitude of  the nutrient fluxes.

Some of  the spatial variability between replicate deployments at the same station may be due 
to the positioning of  the chambers themselves.  The composition of  the sediments does vary 
on spatial scales of  approximately the size of  the benthic chamber footprint.  Specifically, there 
are significant differences in the physical and chemical characteristics of  the peaks of  sand 
ridges compared to the depressions in between (Rosich et al. 1994).  In most cases the large 
footprint afforded by the benthic chamber approach is sufficient to average across the sand 
ridges.  However, there are cases where the ridging is large enough for the chamber to land 
on or between the features.  Therefore, random variations in the positioning of  the chambers in 
these locations will contribute to the spatial variability observed.  

Temporal variability

The mechanical disturbance of  sediments and release of  sediment organic matter and 
nutrients during resuspension events such as storms may contribute significant nutrients to 
coastal regions and moderate nutrient levels in the sediments (Fanning et al. 1982; Kendrick 
et al. 1998).  While such events and the resulting nutrient pulses may be short lived because 
coastal regions are strongly nitrogen limited and nutrients released will undoubtedly be 
consumed rapidly as the storm passes, there are important consequences for sediment 
nutrient fluxes.  Firstly, the resupply and rapid fixing of  nutrients will ultimately result in a brief  
period of  higher than usual export as the phytoplankton cells die or are grazed.  Short term 
increases in nutrient flux may be expected to coincide with these short term increases in 
export.  Secondly, the frequency and intensity of  these events will ultimately control how much 
nitrogen can accumulate in surface sediments and porewaters before being stripped away into 
the water column.  As such the timing of  deployments about these events will also contribute to 
variations in diffusive sediment nutrient fluxes.

In Marmion there is a seasonal variation in mean total carbon content of  the sediments 
suggesting there may be a seasonal variation in the composition of  the sediment.  Some of  
this variability may be attributed to our ability to relocate stations between cruises (to within the 
accuracy of  a GPS) but it is likely that there was reworking and redistribution of  the sediments 
between cruises. During high energy periods wave energy resuspends material and currents 
redistribute sediments potentially stripping away the finer fractions (van Keulen and Borowitzka, 
2003).  These seasonal variations in the physical nature of  the sediments may contribute to 
seasonal variations in nutrient fluxes by reducing the amount of  fine organic particles in the 
sediment and reducing the stability of  the biotic community.  In Jurien the total carbon is the 
same suggesting the sediments were more stable over time and that the observed trends were 
related to biotic processes.
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N to P

The N to P flux ratio was considerably lower than 16, which would be expected where 
phytodetritus is being remineralised (Redfield et al. 1963).  The deviation of  the N to P 
relationship away from Redfield et al. (1963) is primarily due to stations with a high phosphate 
flux (>100 μmol m-2 day-1), but a lower than expected nitrogen flux.  There are three possible 
reasons for this.  Firstly, low N to P ratio may reflect rapid preferential consumption of  nitrogen 
within the chambers by nitrogen limited benthic algae. The low nitrogen flux relative to 
phosphate was evident in both light and dark chambers.  This may appear unexpected as 
we may not expect photosynthesis in the dark treatment.  However, dark uptake of  nitrogen 
has been observed in phytoplankton communities, especially during periods of  nitrogen 
limitation.  Secondly, it is possible that phytodetritus is not the dominant source of  labile 
organic matter to the sediments in this region.  The shelf  in this region supports abundant 
seagrass beds (Kirkman and Kuo, 1990) and macroalgal communities (Kirkman, 1981) and 
biomass based estimates suggest that macroalgal and seagrass primary productivity is 
considerably greater than pelagic phytoplankton communities.  However, N to P ratios for the 
dominant macroalgal and seagrass species in the region are higher than that of  phytoplankton 
and would presumably generate a larger N to P ratio than Redfield.  Thirdly, denitrification (the 
microbial conversion of  NO

3
- to N

2
 gas) could reduce nitrogen efflux relative to phosphate.  We 

consider this unlikely as denitrification rates measured in the region (Cockburn Sound) are low 
(Forehead, 2006).

Comparison to other Australian Estimates

Published estimates of  the dissolved inorganic nitrogen flux in Australian estuaries and 
coastal waters are presented in Table 3.3.  From the few estimates it is evident that the level 
of  variability encountered here is a common feature of  Australian marine and estuarine 
environments.  Our dissolved inorganic nitrogen flux values compare favourably with the 
estimates that have been made previously in our study area (Rosich et al. 1994) and the 
measurements collected in the nearby semi enclosed lagoon, Cockburn Sound (Forehead 
2006).  While our higher flux rates were similar to the upper limits observed in the Perth Coastal 
Waters Study by Rosich et al. (1994) our lowest values are considerably lower.  The lower 
estimates recorded here are from our Bunbury stations, which were not considered by the 
Perth Coastal Waters Study, and appear to be considerably different to our measurements in 
Perth.  Of  the studies listed above, the Bremmer River is unique, in that the DIN fluxes were 
always negative (consumption) reflecting the unique nature (turbid and high nitrate) of  this 
system (Cook et al. 2004a).

Summary

This preliminary investigation into sediment nutrient fluxes in sandy sediments of  the WA 
shelf  reveals that within a region spatial variations in sediment nutrient fluxes are as large as 
regional and seasonal differences.  The source of  this spatial variability is likely to be due 
to the complex interactions between the physical and biological attributes of  the sediments.  
Additional sediment flux deployments and focused laboratory incubations accompanied 
by statistical and modelling approaches as part of  WAMSI Node 1 will help isolate the 
key mechanisms that contribute to the relationship between nutrient fluxes and sediment 
characteristics. 
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Table 3.3.  Summary of  average DIN fluxes (μmol m-2 day-1) from a number of  Australian coastal and 
estuarine benthic flux studies.  The studies in bold were conducted in Western Australian Waters.  

Location DIN	flux Source

Australian Estuaries

Swan	River,	WA 100 Douglas et al. 1996
Wilson	Inlet,	WA 1720 Fredricks et al. 1999

Gippsland Lakes, Vic -540 - 12000 Longmore et al. 1998

Huon R. Mud Flats, Tas -960 – 2448 Cook et al. 2004b

3 estuaries, SE QLD -2690 – 1080 Ferguson et al. 2004

6 coastal lagoons, SE QLD -7800 – 2640 Eyre and Ferguson 2002

Bremmer River, SE QLD -3300 - -600 Cook et al. 2004a

Australian Marine

Port Phillip Bay, Vic 700-1243 Berelson et al. 1998

Moreton Bay, QLD -500 – 6000 Dennison and Abal 1999

Coastal GBR, QLD 245-820 Alongi and McKinnon 2005

Bowling Green Bay GBR, 
QLD

-154 – 890 Ullman and Sandstrom 1987

Reef  GBR, QLD 140 – 540 Hansen et al. 1987

Inner GBR shelf, QLD 36 – 720 Lourey et al. 2001

Cockburn	Sound,	WA up to1450 Forehead 2006

Perth	Coastal	Waters,	WA 571 – 2142 Rosich et al. 1994
Perth,	Jurien	and	Bunbury,	

WA
-428 - 1304 This study

3.2.2   Phytoplankton Community Structure

Investigator / Institution

 Christine Hanson, Lesley Clementson, Peter Thompson

   CSIRO Marine and Atmospheric Research

Introduction

Assessment of  phytoplankton species composition is of  high importance in studies of  pelagic 
ecology.  Standard methods for identification and enumeration of  phytoplankton have primarily 
involved light microscopic examination of  preserved cells (Utermohl, 1958; Willen, 1976), with 
the picoplanktonic fraction (cells < 3 µm) analysed using epi-fluorescence microscopy (Murphy 
and Haugen, 1985) and/or flow cytometry (Olson et al. 1985; Simon et al. 1994).  These are 
often one of  the more time consuming data sets to obtain and can have a high coefficient of  
variation associated with the cells counted.  Pigment analysis (via High Performance Liquid 
Chromatography or HPLC) and diagnostic pigments are also used to estimate community 
composition and concentration with a higher degree of  reproducibility than microscopic 
methods.  Pigments which relate specifically to an algal class are termed marker or diagnostic 
pigments (Jeffrey and Vesk, 1997; Jeffrey and Wright, 2006) and some of these diagnosticsome of  these diagnostic 
pigments are found exclusively in one algal class (e.g. prasinoxanthin which is only found 
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in prasinophytes) while others are the principal pigments of  one class but are also found in 
other classes (e.g. fucoxanthin in diatoms and some haptophytes; 19’-butanoyloxyfucoxanthin 
(19BF) in chrysophytes and some haptophytes).  The presence or absence of  these diagnostic 
pigments can provide a crude guide to the composition of  a phytoplankton community 
including identifying classes of  small flagellates that cannot be determined by light microscopy 
techniques, and drastically reduce sample processing time compared to microscopic methods 
(as discussed in Hill et al. 2005; Wanstrand and Snoeijs, 2006).  

Methodology

Phytoplankton community composition was assessed at five stations along the Two Rocks Transect 
(Fig. 3.1), with samples obtained monthly to quarterly (depending on station) over approximately 
3 years (February 2002 to December 2004).  Community structure was quantified using two 
methods:  1) Cell counts, using light microscopy, were completed on samples preserved in 
acidic-Lugol’s solution.  Phytoplankton cells > 5 µm in size were identified and counted within ten 
major taxonomic groups:  diatoms, dinoflagellates, cyanobacteria, chlorophytes, cryptophytes, 
euglenophytes, chrysophytes, silicoflagellates, raphidophytes and haptophytes.  2) Detailed 
pigment analyses, using High Performance Liquid Chromatography (HPLC), were performed 
on phytoplankton collected on glass-fibre filters. Methods used to analyse water samples for 
pigment composition and concentration can be found in Keesing and Heine (2005).  Marker 
pigments were analysed for trends, and in this study the presence of fucoxanthin has been usedn this study the presence of fucoxanthin has been used 
to indicate diatoms; peridinin – dinoflagellates; 19’-hexanoyloxyfucoxanthin (19HF) – haptophytes; 
19’-butanolyoxyfucoxanthin (19BF) – chrysophytes; alloxanthin – cryptophytes; prasinoxanthin 
– prasinophytes; zeaxanthin – cyanophytes; chlorophyll b – chlorophytes/green algae and divinyl 
(DV) chlorophyll a – prochlorophytes.  

Cell count data tended to be non-normal regardless of  transformation, and so statistical 
assessment was limited to a single factor non-parametric technique (Kruskal-Wallis One 
Way Analysis of  Variance on Ranks).  Pigment concentrations were log transformed prior to 
statistical analysis allowing simultaneous assessment of  temporal and spatial variation using a 
general linear model.  

Microscopic assessment

The variation in abundance of  major taxonomic groups was very high: across all stations and 
all sample periods the across taxon mean co-efficient of  variation was 328%.  In spite of  the 
high variability significant differences were found in both spatial and temporal distributions 
of  phytoplankton based on cell counts from surface samples.  High numbers of  filamentous 
cyanobacteria occasionally dominated the counts (Fig. 3.10), and on average accounted for 
39.4% of  all cells.  Bacillariophytes (diatoms) were similarly abundant (39.2%), followed by 
cryptophytes (10.1%) dinophytes (dinoflagellates, 6.7%) and chlorophytes (1.7%). 
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Figure 3.10:  Phytoplankton community composition as determined by cell counts using light microscopy, 
where dominant genera were identified and counted within eight major taxonomic groups.

Diatoms (p = 0.003), chlorophytes (p = 0.001) and cryptophytes (p = 0.001) all showed 
significant spatial trends with surface cell densities declining with distance offshore (Fig. 3.11).   
Diatom densities were found to decrease in abundance from 91x103 cells L-1 to 3.3x103 cells L-1 
or by a factor of  30 moving from the coastal lagoon (Stn A) to the most offshore station (E, 1000 
m water depth).  Diversity (Shannon-Weaver index) tended to be greater inshore rather than 
offshore although this trend was not statistically significant (p > 0.05).  This research represents 
the first time an offshore-onshore gradient in algal class abundance has been demonstrated for 
waters off  the Western Australia coast. While some spatial patterns have been reported  (e.g. 
Hanson et al. in press), the systematic sampling undertaken in SRFME provides the first evidence 
of  strong onshore-offshore gradients in the abundance of  a number of  key taxa persisting over 
a multiyear time scale.  Silicoflagellates, which were identified as a possible ecological concern 
in 1996 (DEP 1996) due to their relatively high abundance and potential to kill fish, were found to 
be ~ 0.1% of  all enumerated cells.  Significant seasonal changes in surface cell abundance were 
evident within the diatoms and cyanobacteria. Diatoms reached a peak (p = 0.013) in median 
cell density while cyanobacteria tended (p = 0.033) to be least abundant during winter.  A winter 
peak in community dominance by diatoms was also noted by Thompson and Waite (2003) in the 
nearshore region of  Perth’s coastal waters. 
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Figure 3.11:  Surface densities of  selected phytoplankton taxa; diatoms (●), chlorophytes (▲) and 
cryptophytes (■) at each of  five stations across the onshore (station A) to offshore (station E) transect at 
Two Rocks, WA. Standard errors of  the means from 2 way ANOVA are shown; to improve figure clarity 
sometimes as upper bounds only.  

Pigment assessment

Surface waters

In general, phytoplankton biomass (as indicated by chlorophyll a concentration) showed strong 
spatial variation across the transect and strong temporal variation throughout the study period.  
In surface waters, phytoplankton biomass decreased from inshore (Stn A) to offshore (Stn E; 
Fig 3.12). At all stations, except the most inshore station, there was a clear seasonal cycle in 
the biomass signal with a maximum chlorophyll a concentration usually in the austral winter 
(August) of  each year (Fig. 3.13a for representative data from Stn B).  The lack of  seasonality 
in chlorophyll a concentration within inshore waters is also confirmed by a 7-year time series 
analysis of  SeaWiFS satellite imagery (see Section 4.2, Fig. 4.17). 
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Figure 3.12:  Mean (± s.d.) phytoplankton biomass (as total chlorophyll a) from onshore (Stn A) to 
offshore (Stn E) over the three-year study period. The upper graph represents the surface waters and the 
lower graph represents the values from the depth of  the chlorophyll maximum.
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Figure 3.13:  Phytoplankton biomass (as total chlorophyll-a; that is MV + DV chlorophyll a) over the three-
year study period.

Pigment to chlorophyll a ratios were used to determine the dominant pigments and hence 
indicate the dominant algal group(s) at each station. Variation in these ratios across the 
transect indicated different phytoplankton communities existed on and off  the shelf.  The two 
most inshore stations (A, B) have a diverse pigment composition indicating a phytoplankton 
community composition of  diatoms, chlorophytes and/or euglenophytes, haptophytes, 
prasinophytes, cryptophytes and cyanophytes, with photosynthetic dinoflagellates and 
chrysophytes present infrequently throughout the study (Fig. 3.14a).  Dinoflagellates (as 
indicated by the presence of  peridinin) were not found at stations further offshore.  Diatom 
abundance (indicated by the presence of  fucoxanthin) diminished with distance from the 
shore, with few if  any diatoms present at Station E.  At Station A, fucoxanthin was 17.2% 
of  the total accessory pigments compared with 6% at Station E.  Chlorophytes (indicated 
by chlorophyll b and lutein) also decreased with distance from the shore and were present 
infrequently at stations D and E, generally only during the winter months (Fig. 3.14a).  

As a percentage of  the total accessory pigments, chlorophyll b was 26.6% at Station A 
compared to < 0.2% at Station E.  Cyanophytes (indicated by the presence of  zeaxanthin) 
were the dominant algal group at Stations C, D and E, with 42% zeaxanthin of  the total 
accessory pigments at Station E compared to 7% at Station A and 19% at Station B.  
Zeaxanthin also exhibited a strong seasonal cycle with a maximum during the summer 
months, again at all locations except the most inshore station (A; Fig 3.14a). Zeaxanthin is 
a photoprotective pigment and an increase in its concentration during summer may in part 
be due to a reaction to increased irradiance. However nitrogen-fixing cyanobacteria may 
be expected to predominate under the highly stratified, nutrient-limited conditions prevailing 
offshore during summer. Prochlorophytes (indicated by the presence of  DV chlorophyll a) were 
present at Stations D and E generally only during the summer months.  The concentration of  
DV chlorophyll a indicated greater abundance of  prochlorophytes at Station E.  The pigment 
composition observed at the offshore stations is consistent with observations of  pigment 
composition at similar latitudes throughout the Indian Ocean (Barlow et al. in review).
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Figure 3.14a: Composition of  diagnostic pigments measured, by HPLC, in surface waters from inshore 
(Station A) to offshore (Station E) along the Two Rocks transect. 
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Chlorophyll maximum

Unlike surface waters, total biomass did not show a distinct onshore/offshore pattern (Fig. 
3.12). Also different from surface waters, where phytoplankton biomass (as indicated by 
chlorophyll a concentration) showed a clear seasonal cycle, with a maximum chlorophyll a 
concentration in the austral winter (August) of  each year (Fig. 3.13), there was no such signal 
observed for the chlorophyll maximum waters (see Fig. 3.13 for representative data from 
Stn B).  Differences in the phytoplankton composition between the surface and chlorophyll 
maximum depth were most notable at Stations D and E (Fig. 3.14a,b).  By contrast, the two 
most inshore stations (A, B) showed similar phytoplankton compositions at both surface 
and chlorophyll maximum depths (Fig. 3.14a,b), possibly because the water column was 
generally well-mixed. Station C fluctuated between the two extremes; at times having a similar 
phytoplankton composition at both depths and at other times each depth having a notably 
different composition. Cyanophyte abundance (indicated by the presence of  zeaxanthin) was 
greatly reduced at the chlorophyll maximum depth (23%) compared to the surface (42%) at 
Station E.  Similar results were observed at all stations, except the most inshore station (A).  By 
contrast, chlorophytes (indicated by chlorophyll b) increased in abundance at the chlorophyll 
maximum depth most notably at Stations D and E (Fig. 3.14b).  At Station E, as a percentage 
of  the total accessory pigments, chlorophyll b was 12% at the chlorophyll maximum depth 
compared to < 0.2% in the surface waters.  Prochlorophytes (indicated by the presence of  DV 
chlorophyll a) were present at stations D and E generally only during the summer months and 
on two occasions were observed at station C.
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Figure 3.14b: Composition of  diagnostic pigments measured, by HPLC, in chlorophyll maximum depths 
from inshore (Station A) to offshore (Station E) along the Two Rocks transect. 
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Statistical analyses

Statistical analysis using a four-season model confirmed some strong patterns of  distribution 
in time and space (Table 3.4) with many marker pigments showing onshore-offshore gradients 
and seasonal patterns in concentrations when the three years of  data were averaged together 
(Fig. 3.15a). Three different spatial patterns were evident.  The most common spatial pattern was 
a decrease in pigment concentration with distance offshore which was shown for all pigments 
except β,ε-carotene and lutein.  A similar result was noted for chlorophyll a in the summary data 
above, and also by Pearce et al. (2000).   The pigment results support and extend those from the 
cell counts. Onshore-offshore gradients include a general decline in total phytoplankton density 
as well as a reduction in densities of  diatoms, chlorophytes, cryptophytes, prasinophytes and 
haptophytes. Contrasting spatial patterns were observed in zeaxanthin and 19-BF. Zeaxanthin 
concentrations rose with distance offshore while 19-BF peaked at Stn C.  From these we 
concluded that cyanobacteria dominance increases with distance offshore while chrysophytes 
and silicoflagellates achieve their greatest abundance midshelf. 

Table 3.4. Statistical analysis of  surface pigments for spatial and temporal patterns. Probabilities (P) of  
the null hypothesis (no difference in time or space) being correct are reported*.  

Marker for: Spatial 
(onshore-offshore)

Temporal 
(seasonal)

MV chla All photosynthetic 
phytoplankton except 

prochlorophytes

  0.001   0.001

Carotenoid β,ε	 widespread   0.137   0.006

Carotenoid β,β widespread   0.006   0.144

Chlb Chlorophytes <0.001 <0.001

zeaxanthin Cyanophytes and 
prochlorophytes

<0.001   0.001

alloxanthin Cryptophytes <0.001   0.969

19’-hexanoyloxy

fucoxanthin Haptophytes   0.006 0.097

prasinoxanthin Prasinophytes <0.001 <0.001

neoxanthin Chlorophytes   0.048   0.743

fucoxanthin Diatoms, haptophytes and 
chrysophytes

<0.001 <0.001

19’-butanoyloxy

fucoxanthin Haptophytes and 
chrysophytes

<0.001 <0.001

chl c
3

Prymnesiophytes and 
chrysophytes

  0.002 <0.001

Lutein Chlorophytes   0.351   0.002

Alloxanthin Cryptophytes <0.001 <0.001

Violoxanthin Chlorophytes and 
eustigmatophytes

<0.001   0.040

*Log transformation was used to improve homoscedasticity and normality * Interactions were not 
assessed as no ‘autumn’ samplings were conducted on stations D & E. 
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Figure 3.15:  (a) Surface concentrations of  selected pigments at each of  five stations across the onshore 
(station A) to offshore (station E) transect at Two Rocks, WA and (b) their seasonal variation. 

Data were also analysed using a two season model, with summer as Nov – Apr and winter 
as May – Oct (as utilised in Section 3.2.3; Bio-optics and Remote Sensing).  A single factor 
ANOVA on the zeaxanthin:chl-a ratio indicated a significant difference between seasons for 
Stations B – E (p < 0.05), and also within Stn B itself  (p < 0.05; Stn B chosen for analysis as it 
had the largest temporal dataset), indicating a seasonal cycle in cyanophyte abundance.

Almost all pigments peaked in abundance (annual bloom) in winter and declined significantly 
into summer. A similar winter peak of  inshore phytoplankton biomass was also noted in 
Thompson and Waite (2003). Relative to other pigments, fucoxanthin and alloxanthin declined 
rapidly from their mid winter peaks suggesting greater rates of  loss from the water column 
possibly due to faster sinking or greater predation.  Unusual temporal patterns were observed 
in concentrations of  lutein, β,ε-carotene and zeaxanthin with peak concentrations reached in 
summer or autumn.  The general decrease in phytoplankton biomass during summer combined 
with a peak in zeaxanthin concentrations suggests the influence of  increased stratification 
and nutrient limitation on the regional phytoplankton community at this time.  Peridinin, the 
marker pigment for dinoflagellates, was only present at very low concentrations at stations A 
and B, indicating the large number of  dinoflagellates (~ 7%) observed under the microscope 
at all stations (Fig. 3.10) were almost exclusively heterotrophic (i.e. lacking in photosynthetic 
pigments), and therefore most closely affiliated with the grazing microzooplankton community.

3.2.3  Bio-optics and Remote Sensing

Investigators / Institution

 Lesley Clementson, Peter Fearns and Tim Harriden

   CSIRO Marine and Atmospheric Research

Introduction

An increasing use of  remote sensing products by managers of  marine environments to further 
their understanding of  ecosystem dynamics on increasing spatial and temporal scales, is 
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dependent on a thorough understanding of  the contribution and variation in the spectral 
absorption and scattering properties of  the regional waters of  interest (Harriden et al. 2004).

Standard algorithms used to estimate chlorophyll a concentration for the SeaWiFS and MODIS 
sensors have been developed from large datasets of  bio-optical data collected primarily in the 
Northern Hemisphere. These Northern Hemisphere conditions (atmospheric and in-water) are 
not always applicable to regions in the southern hemisphere (Takashima et al. 2003), leading 
to inaccurate estimates of  retrieved parameters and limited use of  remote sensing as a tool for 
environmental managers (Majewski et al. 2004).

Open-ocean (case 1) waters are considered to be well-defined optically with total absorption 
generally dominated by the phytoplankton component that correlates well with the 
concentration of  chlorophyll a (Morel and Maritorena, 2001). Coastal and estuarine (case 2) 
waters, by comparison, often have significant contributions to the total absorption from the 
detrital/non-algal and chromophoric dissolved organic matter (CDOM) components, causing 
retrieved estimates of  chlorophyll a concentration to be over estimated (Babin et al. 2003).

Here we report on a dataset which was developed to determine if  and/or how the strong 
seasonal features observed in the climatology and oceanography off  Western Australia affect 
the bio-optical characteristics of  the shelf  waters in this region. The dataset will also be used 
to determine the validity of  the standard algorithms used by the SeaWiFS, MODIS and MERIS 
ocean colour sensors for Western Australian waters and, if  necessary, will provide a strong 
base for developing an algorithm that captures the particular features of  this region.

Methodology

In January 2003 collection of an extensive set of  inherent and apparent optical properties at three 
sites – Bunbury, Two Rocks and Jurien Bay (see Fig. 5.2) – along the Western Australian coast 
began (samples were collected for pigment analysis at the Two Rocks site from February 2002). 

At each site, samples were collected at 5 km intervals (stations 1-6) along a transect that extended 
from inshore to approximately 25-30 km offshore where the water column depth was about 40–50 
m. The outer-most station at each site (T6 at Two Rocks, B6 at Bunbury and J5 at Jurien Bay) was 
used as the main validation station for that site and was always occupied within 2 hours either side 
of midday local time. In addition to this, at the two Rocks site, samples for pigment analysis were 
collected at stations C, D and E, further off  shore (see Fig. 3.1). Note that station B is the same 
location as station T6. At each station, profiles of temperature, salinity and fluorescence were 
collected using a SeaBird 19plus conductivity – temperature – depth (CTD) sensor with a General 
Oceanics 12 bottle rosette equipped with 10 L Niskin bottles. The system also incorporated a 
flow through fluorometer (WETStar), an oxygen sensor (SeaBird) and a PAR sensor (Biospherical 
Instruments).  Downward spectral irradiance and upward spectral radiance profiles were collected 
using a HydroRad-2 (HOBILabs) and PRR-600 radiometer (BSI); water leaving radiance was also 
measured using a Zeiss radiometer (from Curtin University) and profiles of total spectral absorption 
and attenuation coefficients were measured with an ac-9 (WETLabs). More detailed information 
on the deployment and operation protocols for all instruments can be found in Keesing and Heine 
(2005). In addition, water samples were collected from the surface and the Secchi depth of the 
water column (these depths were chosen as they matched the depths in the MERIS validation 
protocols) for the determination of total suspended matter, the concentration and composition of  
phytoplankton pigments and the absorption coefficients of  phytoplankton, detritus and CDOM. 
Aboard the vessel water samples were transferred from the Niskin bottles to 5 litre plastic carboys 
and stored in the cool and the dark until return to the land base (approx. 4 hours) for filtering.  In 
general sample collection and analysis followed the protocols outlined in Ocean Optics Protocols 
for Satellite Ocean Colour Validation revision 5 (Mueller et al. 2003). Methods used to analyse water 
samples for pigment composition and concentration and for the absorption coefficients of  the 
dissolved and particulate fractions can be found in Keesing and Heine (2005).

SeaWiFS data are received in Perth by WASTAC and processed routinely using SeaDAS version 
4.6 (July 2004) to provide level 2 (eg. Chlorophyll a concentration) Local Area Coverage (LAC) data. 
SeaWiFS images were also provided by the SeaWiFS Project, NASA/Goddard Space Flight Centre 
and Orbimage. Remote sensing estimates of chlorophyll a concentration were extracted from the 
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LAC data for comparison to the in-situ chlorophyll a concentration measurements.  Only retrieved 
chlorophyll a values that fell within 4 hours of the in situ sample being collected and within 2 km 
of the sample station were used. Mean values of retrieved chlorophyll a were the average of the 
eight closest pixels that complied with both the time and distance requirements. Remote sensing 
data have had standard projections applied and been composited into datasets for inclusion in the 
SRFME database (see Ch. 7).

Sample location

Jurien Bay, the northern-most sampling location lies 275 km to the north of  Perth and is 
contained within the Jurien Bay Marine Park. A string of  islands and reefs lie just off  the coast 
sheltering the inshore waters of  Jurien Bay. The first two stations on the sampling transect 
are inshore of  the reefs while the remaining three sampling stations are in the more exposed 
waters outside of  the reefs. Jurien Bay is a site for recreational fishing and the professional 
Western rock lobster industry. The Hill River, the smaller of  two main rivers in the Moore – Hill 
River basin catchment area, discharges directly to the ocean just south of  Jurien Bay. Flow 
in the Hill River is highly seasonal, only flowing during winter or after heavy rain within the 
catchment area. Much of  the catchment area, inland of  Jurien Bay, has been cleared for 
agricultural purposes.

Two Rocks lies 66 km north of  Perth in a predominately light urban environment. There are no 
rivers or significant industrial or urban sources discharging to the ocean within several km to 
the north or south of  this sampling site.

Bunbury represents the southern most sampling site, lying 185 km to the south of  Perth on the 
shoreline of  Geographe Bay. Bunbury is an urban area (population in excess of  50,000) with a 
deepwater port and recreational marinas. The first station on the sampling transect lies within 
the port area, close to the outlet of  the Leschenault Inlet which drains the Collie River basin 
catchment area. The remaining five stations are located offshore in Geographe Bay.

Results and Discussion

Validation

Surface data from stations T6, B6, J5 and B, C, D and E were used to determine the 
relationship between in situ and satellite-retrieved chlorophyll a concentration with a total of  
62 matching data pairs. The relationship between in situ and retrieved chlorophyll a is strong 
with a slope of  ca. 1 and an R2 of  0.72 (Fig. 3.16a). Removal of  the very high concentration 
point reduces the slope to ca. 0.90 and the R2 to 0.69   When the samples are separated 
into seasons (winter: May-October; summer: November-April), then most of  the variability 
is associated with the winter samples (Fig. 3.16b). There is a clear distinction between the 
chlorophyll a concentration during the designated summer and winter seasons; the in situ 
chlorophyll a concentration ranges from 0.146 to 0.810 (mean 0.397) mg m-3 during winter and 
from 0.067 to 0.332 (mean 0.160) mg m-3 during summer. Similar results have been obtained 
from the archive of  SeaWiFS images for the Western Australian coastal region, showing 
retrieved chlorophyll a concentration to begin to increase in May and reaching a maximum, 
usually in August of  each year (Moore et al. 2006). (See Section 4.2 in this report for more 
discussion of  the seasonal cycles.)
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Figure 3.16: (a) The relationship between in situ chlorophyll a (measured by HPLC) with the retrieved 
chlorophyll a estimates from the SeaWiFS standard algorithm for stations T6, B, C, D and E (Two Rocks), 
B6 (Bunbury) and J5 (Jurien Bay). (b) Data shown in (a) separated into summer and winter seasons (the 
outlying data point in (a) was removed from plot (b)).

In situ measurements - TSM

At each site, samples for all in situ measurements were collected at 5 km intervals (stations 
1-6) along a transect that extended from inshore to approximately 25-30 km offshore (T6 at Two 
Rocks, B6 at Bunbury and J5 at Jurien Bay) where the water column depth was about 40–50 m.

Total suspended matter is the sum of  all particulate matter in the water sample – live and 
senescent phytoplankton cells and inorganic and organic minerals. In most coastal areas, it 
may be expected that during winter there would be a correlation between a shallower Secchi 
depth and storm events causing resuspension of  bottom sediments and increased land runoff; 
that is the TSM would be largely composed of  inorganic and organic minerals. The lower sun 
angle in winter will also contribute to a shallower Secchi depth. In this study at stations 3 – 6 
Bunbury and Two Rocks and stations 3 – 5 Jurien Bay, the Secchi depth was shallower in 
winter than summer and corresponded well with an increase in total suspended matter (TSM) 
in surface waters. In Western Australian coastal waters, in situ sampling and SeaWiFS imagery 
has shown an increase in phytoplankton biomass during winter which often correlates with the 
highest TSM values being recorded over the same months and may indicate that the majority 
of  TSM in winter is algal material. 

TSM can be used as an indicator of  water clarity, but provides no information as to what type 
of  particulate material is affecting the clarity of  the water. For remote sensing purposes there 
is a need to understand which component(s) are dominating the water column and potentially 
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affecting the accurate retrieval of  remotely sensed products such as chlorophyll a, TSM  and 
CDOM concentration.

In situ measurements - Pigments

Pigment analysis and diagnostic pigments have been used in this study to estimate the 
phytoplankton community composition and concentration at all stations and sites. Pigments 
that relate specifically to an algal class are termed marker or diagnostic pigments (Jeffrey 
& Vesk, 1997) and some of these diagnostic pigments are found exclusively in one algalsome of  these diagnostic pigments are found exclusively in one algal 
class (e.g. prasinoxanthin which is only found in prasinophytes) while others are the principal 
pigments of  one class but are also found in other classes (e.g. fucoxanthin in diatoms 
and some haptophytes; 19’-butanoyloxyfucoxanthin (19BF) in pelagophytes and some 
haptophytes). The presence or absence of  these diagnostic pigments can provide a simple 
guide to the composition of  a phytoplankton community including identifying classes of  
small flagellates that cannot be determined by light microscopy techniques. In this study the 
presence of  fucoxanthin has been used to indicate diatoms; peridinin – dinoflagellates; 19’-
hexanoyloxyfucoxanthin (19HF) – haptophytes; alloxanthin – cryptophytes; prasinoxanthin 
– prasinophytes; zeaxanthin – cyanophytes and chlorophyll b – green algae.

The composition of  only the diagnostic pigments for the outermost station of  the Two Rocks 
transect is shown in Fig. 3.17, but is representative of  the pigment/phytoplankton composition 
at the Bunbury and Jurien sites. This pigment composition reveals that the phytoplankton 
community is quite diverse, but extremely stable, and indicates that diatoms, haptophytes, 
cyanophytes, chrysophytes and chlorophytes or green algae are present in the phytoplankton 
community all through the sampling period (Feb 2002 – Dec 2004), while cryptophytes and 
prasinophytes are present most of  the time. Dinoflagellates are present infrequently and except 
for cyanophytes, the pigment data indicates that the ratio of  the different algal groups changes 
little with the seasons. Cyanophytes show a significant increase during summer. 
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Fig. 3.17: Pigment composition (diagnostic pigments only) plotted against time for the surface waters of  
station T6 on the Two Rocks transect.

These results indicate that there is no significant difference in the phytoplankton community 
composition along the Western Australian coast from Bunbury to Jurien Bay and that there 
is also little seasonal succession within the phytoplankton community. The increase in 
cyanophytes could be due to either Synechoccocus spp. or Trichodesmium spp. cells or 
a combination of  both species. Both of  these species are commonly found in tropical and 
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subtropical waters, such as the Leeuwin Current. The summer increase in cyanophytesThe summer increase in cyanophytes 
is consistent with conditions of  increased stratification, a deeper mixed layer depth, and 
decreased N in the upper mixed layer found during summer along the Western Australian 
coast (see Section 4.1). 

In	situ	measurements	–	Absorption	coefficients

One of the suite of  measurements made during this project is the absorption coefficients of  the 
different components in the water column. Absorption coefficients for CDOM (a

CDOM
), detrital 

(a
d
) and phytoplankton (a

ph
) components are determined for each sample thus indicating the 

contribution of the different components to the total absorption of the water column at the different 
stations and sites. SeaWiFS and MODIS ocean colour sensors have 8 channels or wavelength 
bands in the visible and near infra-red region of the spectrum where data is collected. The second 
channel is centered on 443 nm to detect maximum contribution from chl-a. All results presented 
from this study will refer to values at 440 nm to coincide with data collected by the sensor.

At the Two Rocks and Bunbury sites there is a clear decrease in the value of a
d
(440) from inshore 

to offshore, while at Jurien Bay the a
d
(440) value is relatively constant along the entire transect (Fig. 

3.18). There is no discharge of rivers or urban/industrial sources near the Two Rocks site that could 
explain the higher a

d
(440) values at the inshore stations. However the higher a

d
(440) values could 

be due to macro-algal and seagrass debris accumulating in the surface inshore waters, as well as 
resuspended sediment material. It should be noted that due to the shallowness of station T1, this 
station was sampled infrequently and the few results have not been included in the following results. 

At Bunbury the innermost station (B1) is within the port area and close to the outlet of  the 
Leschenault Inlet and station B2 is just outside the port area.  It is likely that stations B1 and B2 are 
influenced by the detrital matter from the inlet and the river basin that it drains. At Jurien Bay there 
appears not to be any difference in the a

d
(440) values between the innermost stations (J1 and J2) 

inside the reefs and the other stations outside the reefs. A single factor ANOVA test (p <0.05) shows 
that there is no significant difference between the a

d
(440) values at the three locations when the 

most inshore station (T1, B1, J1) and station B2 is excluded from the analysis and that there is also 
no significant difference between the a

d
(440) values during the summer and winter seasons as 

previously defined.
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Fig. 3.18: The absorption coefficient for the detrital or non-algal component of  the particulate matter at 
each station on the transect at each site.

Similar to the a
d
(440) values, the values of  a

CDOM
(440)  also decrease from inshore to offshore, 

but for this component the effect is observed at all three sites. At Jurien Bay the a
CDOM

(440) 
values are higher at the two inshore stations, inside the reefs, than at the stations outside the 
reefs, suggesting the inner two stations are probably affected by a terrestrial source. The 
Bunbury site also shows increases in a

CDOM
(440) values at those stations closest to the inlet. 
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Excluding the inner-most stations,  these a
CDOM

(440) values fall within the range suggested for 
case 1 waters (Kirk, 1983) and would be considered low in most coastal waters. Single factor 
ANOVA tests (p <0.05) show similar results to those for the detritus component in that there is 
no significant difference between the a

CDOM
(440) values at the three locations when the most 

inshore station (T1, B1, J1) is excluded from the analysis and that there is also no significant 
difference between the a

CDOM
(440) values during the summer and winter seasons. 

Unlike the other components the a
ph

(440) values do not show an inshore to offshore decrease, 
showing instead similar values at all stations on a transect within any one trip at all sites. On 
occasion, higher values of   a

ph
(440) are recorded at the inshore station on the Two Rocks 

and Bunbury site. At Jurien Bay, the phytoplankton community composition does not seem to 
be affected by the location of  the reefs on the transect as a

ph
(440) values are similar at the 

stations inside and outside the reefs. As for the other components the values of  a
ph

(440) would 
be considered low for a coastal region. Again single factor ANOVA tests (p <0.05) show there 
is no significant difference between the a

ph
(440) values at the three locations when the most 

inshore station (T1, B1, J1) is excluded from the analysis, but there is a significant difference 
between the a

ph
(440) values during the summer and winter seasons.  

Values of  a(440) from the offshore station (T6) on the Two Rocks site has been compared with 
a(440) values from three coastal sites off  Tasmania, two open-ocean sites in the Southern 
Ocean, and two sites off  Heron Island in oligotrophic Great Barrier Reef  waters (Fig. 3.19). The 
Two Rocks a(440) values represent the range of  values that were observed over the seasons 
within a year and are compared to a(440) values taken at just one point in time. However the 
values from the three Tasmanian sites were observed in summer when the a(440) values for 
all components are likely to be at their lowest and the a(440) values for CDOM and detritus 
at the Southern Ocean sites would show less variability over the seasons than a coastal site. 
The comparison between the four sites does confirm that the a(440) values observed in 
Western Australian coastal waters are low and comparable to values found in open-ocean 
or oligotrophic waters. This result suggests that the reasonably good relationship between 
in situ chlorophyll a and retrieved estimates of  chlorophyll a using the standard algorithm 
of  the SeaWiFS sensor (Fig. 3.16) is due to the coastal waters of  Western Australia being 
characterized optically as closer to case 1 waters than case 2 waters. Although the absorption 
properties of  the different components of  the water column are low in Western Australian 
waters, the proportion of  absorption due to each component can still affect the accuracy of  
the retrieved chlorophyll a estimate. The percentage of  absorption due to each component, 
including the water itself, has been calculated for all stations, except the most inshore station 
(T1, B1, J1) in the surface waters on each transect (Fig. 3.20). There are clearly times where 
the CDOM is the dominant component, contributing more to the total absorption than the 
phytoplankton. Under these circumstances, the satellite sensors would retrieve a chlorophyll a 
value which would be an over-estimate of  the in situ chlorophyll a. 
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Figure 3.19:  Comparison of  a(440) values from a typical site in Western Australian coastal waters with 
other sites in Australian waters.
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Figure 3.20:  The relative contributions of  phytoplankton, detritus and CDOM to the total absorption at 
440 nm in the surface waters (sites T1, B1, J1 excluded) from the three locations.

Summary

Coastal areas of  southern Western Australia are unlike many other Australian coastal areas in 
which the absorbance and scattering properties can be dominated by high sediment loadings or 
by high concentrations of  CDOM. By comparison, the coastal waters of  Western Australia have 
very low absorption properties. The phytoplankton community composition appears to remain 
stable throughout the year, however there is a significant increase in phytoplankton biomass at 
all locations during the winter months (May – October) (Clementson et al. 2004). Results from 
this study suggest that the strong seasonal features seen in the climatology and oceanography 
of  this region are not reflected in the bio-optical characteristics of  the coastal waters inshore 
of  the 50 m contour. The standard ocean colour algorithms used by sensors such as SeaWiFS 
and MODIS appear to produce accurate estimates of  chlorophyll a, and hence phytoplankton 
biomass, most of  the time. Although the absorption properties of  the different in-water 
components are all considered low for coastal waters, at times, there is a higher contribution of  
CDOM than phytoplankton to the total absorption which results in the retrieved chl a estimate to 
be an over-estimate of  the in situ chlorophyll a as has been observed on occasion. 

This study has provided one of  the most detailed spatial and temporal studies of  bi-optical 
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parameters for any area in Australia. The results suggest that standard ocean colour algorithms 
and the resulting ocean colour products can be used within the coastal region from Bunbury to 
Jurien Bay, providing an important tool for scientists and managers of  this marine environment. 
Whether the standard algorithms can provide accurate results beyond the regional extent of  
this study will be determined by future work in areas to the North and south of  this study area.

3.2.4  Mesozooplankton

Investigators / Institution

 Joanna Strzelecki and Tony Koslow  CSIRO Marine and Atmospheric Research

Introduction

The plankton of  Australian coastal waters is poorly known, particularly around the western 
half  of  the continent. The only offshore seasonal survey of  the eastern Indian Ocean was 
conducted in 1962-1963, when bi-monthly sampling was carried out in open oceanic waters 
on a transect along 110˚ E longitude (Zeitzschel, 1973, Tranter, 1977). In coastal waters, the 
zooplankton has only been systematically sampled in nearshore areas, bays and estuaries, 
and more recently along the Hillary’s transect (e.g. SMCWS, 1996, Helleren and John, 1997). 
Limited observations of  the macrozooplankton distribution off  Hillarys and on the continental 
shelf  around Albany, Bremer Bay and Esperance demonstrated that the composition and 
distribution of  carnivorous macrozooplankton was influenced by the Leeuwin Current 
(Gaughan and Fletcher, 1997, Gaughan et al. submitted). These studies focused on the adults 
and larger size classes of  zooplankton, but recent work has shown that smaller copepods and 
juvenile stages can not only be important numerically but can sometimes dominate in terms 
of  biomass and grazing pressure (Dam et al. 1993, Gasol et al. 1997, Galienne and Robins, 
2001). In an oligotrophic system such as the SRFME region, smaller species and juveniles can 
be an important trophic link between classical and microbial food webs (Calbet et al. 2001). 

The mesozooplankton studies had two aims: 

1) To describe spatial (particularly onshore-offshore)  and seasonal patterns in abundance 
and biomass, and 

2) To assess seasonal and cross-shelf  patterns in secondary productivity and in the role of  
the zooplankton in pelagic biogeochemistry through their grazing on phytoplankton and the 
smaller zooplankton, and the export of  carbon to depth.

The first aim was achieved through characterisation of  the biological communities and their 
variability along temporal and spatial scales. Because the community was sampled monthly 
over three years (quarterly for offshore stations) and the turnover rate of  zooplankton is 
approximately of  that order, it was possible to observe the seasonal dynamics of  important 
species, including the seasonally varying influence of  the Leeuwin Current. 

The mesozooplankton was also studied in a pair of  anticyclonic and cyclonic eddies during 
a cruise of  the R/V Southern Surveyor. The Leeuwin current has the highest eddy kinetic 
energy of  any eastern boundary current in the world, and thus generates a significant number 
of  eddies. The influence of  eddies on production and transport of  higher trophic levels is 
potentially of  commercial as well as scientific interest. To date there has been no investigation 
of  zooplankton in these mesoscale features off  the coast of  Western Australia.

Mesozooplankton production is often viewed as a key link between physical processes and 
their influence on primary production at the base of  the food chain and the feeding, growth 
and survival of  larval and juvenile fish, which regulates fishery recruitment. We therefore 
examined both the grazing dynamics of  the zooplankton and their productivity. 

The paradigm regarding the role of  mesozooplankton in marine food webs has been 
fundamentally revised in the past 20 years (Azam et al. 1983). Previously, the ‘classic’ view 
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of  pelagic food chains was relatively straightforward, with the mesozooplankton (mostly 
copepods) serving as a direct link between the primary producers (mostly diatoms and 
dinoflagellates) and planktivorous fishes, such as clupeoids. It is now recognized that pico- 
and nanophytoplankton are responsible for most primary production in marine systems, 
particularly in oligotrophic regions. These phytoplankton are too small to be effectively grazed 
by copepods. Microzooplankton (mostly protists) are the dominant grazers, and they in turn, 
along with the larger phytoplankton, are the main prey of  the mesozooplankton. As a result, 
trophic cascades are often observed, whereby increased mesozooplankton in an experiment 
may lead to decreased grazing on the phytoplankton, because increased grazing on the 
microzooplankton may release grazing pressure on the phytoplankton. This is most often 
observed in systems dominated by small phytoplankton, as is the case off  Western Australia. 
Prior to this project, there had been no studies of  the roles of  micro- and mesozooplankton in 
pelagic food webs from our region.

Contemporary views of  the marine planktonic food web are vastly more complicated today 
than they were a few decades ago. With a view to these issues, SRFME scholar Harriet 
Paterson examined the role of  microzooplankton in the waters off  Western Australia (see 
volume 1). Investigation of  plankton trophodynamics now typically requires separate feeding 
experiments for the micro- and mesozooplankton. In order to simplify the experimental 
methods, we have proposed a modified experimental procedure, which enables the role of  the 
micro- and mesozooplankton to be evaluated from a single set of  grazing experiments. We also 
expanded the conventional Frost (1972) equations to estimate the micro- and mesozooplankton 
grazing on the phytoplankton and mesozooplankton predation on the microzooplankton from 
one feeding experiment. 

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 but still require testing against 
more routine methods like egg production. There are also global models of  growth based on 
temperature dependent and weight specific physiological parameters (Runge and Roff  2000). 
However, these models assume that food is unlimited. The relative dependence of  growth 
and reproduction in marine copepods upon temperature and chlorophyll (as a proxy for food) 
seems to vary, depending upon whether they are juveniles or adults, broadcast spawners, 
which tend to be more herbivorous, or sac-spawners, which are more omnivorous (Hirst 
and Bunker 2003). Our project examined the utility of  egg production, enzyme assays and 
empirical models to estimate secondary production. Work in these areas is ongoing. 

Mesozooplankton	communities:	abundance,	biomass	and	community	structure

Methods

Mesozooplankton was collected monthly at stations A to C and quarterly at D and E along 
the Two Rocks transect (Fig. 3.1). Replicate double-oblique bongo net tows were carried 
out with 355µm and 100µm mesh nets to sample the relatively small mesozooplankton that 
often predominates in oligotrophic regions. Sampling was not conducted within one hour of  
sunrise and sunset.  Biomass was estimated based on measurement of  dry weight. The 100 
µm tow was split on board, filtered through 80 µm mesh and dried at 60º C to constant weight. 
Plankton samples were fixed with 10% sodium tetraborate-buffered formalin immediately after 
collection. Preserved samples were returned to the laboratory for identification. The samples 
were quantitatively sub-sampled using a Stempel pipette to obtain at least 100 adult copepods 
(0.5% to 2% of  the total sample).  

Community structure was analysed using nonparametric multivariate methods (Primer v.6). 
Prior to analysis, data were square root transformed to allow the intermediately abundant or 
intermediately large species to contribute more to the analyses. The Bray-Curtis similarity 
matrix which reflects changes in relative abundance as well as species composition was used 
as the basis of  Multi-Dimensional Scaling (MDS) ordinations, and community relationships 
were examined with two-dimensional plots. The MDS was repeated until the same lowest stress 
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was achieved. The simulation/permutation test ANOSIM (Warwick and Clarke, 1991) was used 
to compare the separation between groups. To determine the species contributing most to 
dissimilarities among groups, the program SIMPER (Warwick and Clarke, 1991) was used. 
Organisms with high average contribution and a 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 distance-
based MANOVA (PERMANOVA, Anderson, 2005) based on the Bray-Curtis distance measure 
was used to test if  there was a significant multivariate difference between assemblages in 
summer (December, January and February) and winter (June, July and August). Shannon’s 
diversity index was used to compare species diversity along the Two Rocks transect. 
Shannon’s index was chosen to account for both species richness (total number of  species) 
and equitability (how evenly species are distributed).

Abundance and biomass

The total abundance of  mesozooplankton ranged from 500 to 12,000 individuals m-3 (Fig. 3.21).
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Fig. 3.21: Total abundance of  mesozooplankton at the five stations along the Two Rocks Transect.

Most of  the zooplankton consisted of  copepods with abundances ranging from 300 to 104 
individuals m-3. Peaks in copepod abundance occurred in late summer and autumn following 
diatom blooms. There was less difference in abundance between shelf  and offshore stations 
in winter than in summer, opposite to the pattern exhibited by the phytoplankton. We observed 
that copepods offshore were more abundant in winter than in summer, consistent with the 
seasonal pattern of  abundance of  the phytoplankton. At all stations and all times nauplii and 
juvenile copepodites dominated numerically, followed by adult cyclopoids and calanoids (Fig. 
3.22 and 3.23). 
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Fig. 3.22: Contribution of  main groups of  mesozooplankton (individuals m-3) to abundance at stations A 
– E (Two Rocks Transect) in summer and winter.
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Fig. 3.23:  Percent contribution of  main groups of  mesozooplankton (individuals m-3) to abundance in 
stations A – E in summer and winter.

Cladocerans were important at nearshore stations A and B in summer and occurred in smaller 
numbers over the mid-shelf  and shelf  break (stations C and D). Polychaetes were common in 
winter in the lagoon (station A).  

Acartia spp. and Oithona spp. dominated nearshore (stations A and B) in summer and at 
station A in winter (Fig. 3.24 and 3.25). Cyclopoid copepods were important at all stations at all 
sampling times. Small clausocalanidae were abundant at shelf  and offshore stations (C – E). 
Canthocalanus spp and Temora turbinata were common in winter over the shelf  (B and C). 
Harpacticoid copepods were present at all stations but were more common in winter. 
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Fig. 3.25:  Percent contribution of  main groups of  adult copepods (individuals-1m-3) to abundance in 
stations A – E in summer and winter.

Zooplankton biomass integrated over the water column was estimated as dry weight (Fig. 
3.26). In general biomass of  zooplankton was higher over the shelf  than offshore. Biomass was 
higher offshore in winter than in summer, similar to the abundance of  zooplankton. 

The most nearshore station was excluded from the analysis. This station is located in about 10 
m of  water and it was impossible to exclude suspended sediment from the samples. 
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Fig. 3.26: Mesozooplankton biomass along the Two Rocks Transect.

Community composition

The mesozooplankton assemblages differed with distance offshore and between seasons 
(Fig. 3.27). Stations were significantly different to each other (PERMANOVA, p = 0.0002), 
and while seasons were not significantly different, there was a significant multivariate 
interaction between stations and seasons (PERMANOVA, p = 0.0002). Pair-wise a posteriori 
comparisons revealed that in summer the two nearshore stations A and B were not significantly 
different (PERMANOVA, p = 0.1) but they were significantly different from stations C, D and E 
(PERMANOVA, P<0.05), which did not differ significantly from each other (PERMANOVA, p = 
0.3, 0.2 and 0.5 respectively). In winter all stations differed significantly from each other. 
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Fig. 3.27:  Non parametric multidimensional scaling analyses showing associations of  mesozooplankton 
assemblages between season and distance from shore with superimposed clusters from a dendogram at 
similarity levels of  55% (green line).
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Station A had a consistent nearshore community; Station B consisted mostly of  coastal species 
but some shelf  species and a blue water copepod Oncaea occurred in winter. Station C had 
shelf  and offshore species at all sampling times and stations D and E included offshore species 
most of  the time. Some of  the species that consistently contributed most to differences between 
nearshore and offshore assemblages were: Oithona rigida, Acartia, Macrosetella, Microsetella, 
Temora turbinata, (nearshore species) and Pleuromammma, Euchaeta, Candacia, Eucalanus 
(offshore species). These genera are cosmopolitan and are commonly observed to have such 
neritic or offshore distributions elsewhere (Boxshall and Halsey, 2004). ). The cladocerans, 
Evadne sp and Penila avirostris, which occurred in large numbers in summer, contributed most to 
the seasonal pattern. Penilia avirostris, brachyuryan larvae and polychaete larvae were present 
mostly nearshore and contributed along with the copepods to the spatial patterns.

Mesozooplankton diversity based on the Shannon index increased from inshore to offshore 
and was higher in all stations in winter compared to summer, except at the lagoon station A 
(Table 3.5).

Table 3.5. Comparison of  mesozooplankton diversity between stations along the Two Rocks Transect  in 
summer and winter (Shannon index). 

Station and Season mean standard deviation

A Summer 3.19 0.08

B Summer 3.13 0.06

C Summer 3.51 0.11

D Summer 3.55 0.06

E Summer 3.47 0.11

A Winter 3.10 0.03

B Winter 3.63 0.06

C Winter 3.57 0.06

D Winter 3.62 0.14

E Winter 3.74 0.00

Mesozooplankton grazing 

Methods

Experimental studies of  zooplankton grazing were conducted at sea during quarterly cruises 
from August 2002 to December 2004.  The grazing experiments were conducted at Station A 
(15m water depth), Station C (100 m water depth) and Station E (1000 m water depth) along 
the Two Rocks transect. The experiments were carried out in 3L carboys maintained in a 
seawater bath at ambient sea surface temperature. Water from the surface collected by bucket 
was used as a food source, and three concentration levels of  mesozooplankton were used, 
collected with gentle near-surface tows of  the Bongo nets.  Four replicates per treatment and 
four controls without mesozooplankton were prepared.  An additional group of  bottles was 
filled with surface seawater and filtered immediately to assess phytoplankton biomass at the 
start of  the incubations. 

The incubations were carried out for 24 hours.  At the end of  the incubations, mesozooplankton 
grazers were collected for identification and biomass determination, and a 200 ml subsample 
was collected from each replicate and preserved in 10% Lugol’s for enumeration of  
microzooplankton food items. The remaining water was filtered through a GF/F filter for analysis 
of  chlorophyll a concentrations.  Grazing rates were calculated using a modification of   the 
Frost (1972) equations that enabled phytoplankton productivity, microzooplankton grazing on 
the phytoplankton, and mesozooplankton grazing on both phytoplankton and microzooplankton 
to be estimated from the same set of  experiments (Koslow et al in prep.).
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Frost (1972) is a population growth equation that applies to a simple system of  one predator 
and one prey:

P
24

 = P
0
e (G-I)Δt

where

P
24

 and P
0
 – food concentrations at the beginning and end of  experiment

Δt – duration of  the experiment

G – growth rate

I – grazing rate.

Koslow et al (in prep.) allows determination of  micro and mesozooplankton grazing rates from 
one set of  experiments: 

P
24

 = P
0
exp[(G

p
 – I

m
M – I

zp
Z)Δt]

M
24

 = M
0
 exp[(G

m
 – I

zm
Z)Δt]

Where M and Z are the mean biomass of  micro- and mesozooplankton, respectively, during the 
experiment. The grazing rate of  the microzooplankton may be approximated from the control 
experiment, in which Z = 0, by assuming that G

m
 = I

m
/Ma where a is the growth efficiency of  

the microzooplankton, which is approximately 0.33 (Straile, 1997; Strom and Morello; 1998; 
Edwards et al. 2000). 

Results and discussion

Calanoid and cyclopoid copepods dominated abundance and biomass of  grazers except in 
the lagoon station A in summer where cladocerans, mainly Penilia avirostris, dominated both 
abundance and biomass and the 100 m and 1000 m stations in July where chaetognaths 
and siphonophores dominated biomass (Fig. 3.28) Heterotrophic dinoflagellates and ciliates 
dominated the prey, although diatoms were a major component of  the biomass at the inshore 
station (A) in summer (Fig. 3.29). The size structure of  grazers and prey was uniform across all 
three stations (Figs. 3.30, 3.31). 



� �    S R F M E  f i n a l  r e p o r t  2 0 0 6

 

cladocerans

calanoids
calanoids

cyclopoids

calanoids

cyclopoids

yluJyraunaJ

cladocerans

calanoids

cyclopoids

Abundance
and
biomass

abundance biomass

chaetognaths

siphonophores

AA, C, E 

C biomass E

CA

chaetognaths

cyclopoids

calanoids

Siphono
phores

calanoids

cyclopoids

calanoids

cyclopoids zoeae

  Siphono
   phores

E abundance E biomass

Fig. 3.28:  Composition of  mesozooplankton grazers.

ssamoibecnadnuba

%

    A C E A C E     A C E A C E

       Jan                     July              Jan                    July 
100

80

60

40

20

0

%

100

80

60

40

20

0

Acantharians/Radiolarians
Aloricate Ciliates
Diatoms
Dinoflagellates
Loricate Ciliates

Fig. 3.29: Composition of  prey (microzooplankton and diatoms) at stations A, C and E.

The size structure of  grazers and prey was uniform across all three stations (Fig. 3.30).
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Fig. 3.31:  Size structure of   microzooplankton prey and diatoms (μm ESD).

We compared the mesozooplankton grazing rates on the microzooplankton calculated using 
the Frost equation and Koslow equation and obtained good agreement for all three stations (R2 
= 0.966, R2 = 0.986 and R2 = 0.978 for stations A, C and E respectively).

Mesozooplankton grazing on both total phytoplankton and on the microzooplankton was lowest 
at station A and increased with distance offshore (Fig. 3.38). The increased predation on the 
microzooplankton offshore was consistent with the smaller phytoplankton and increased role 
of  microzooplankton grazing generally observed offshore (Paterson submitted).  Grazing by 
mesozooplankton on phytoplankton was low: 0 (in 50% of  experiments) to 12 % of  primary 
production was removed. Grazing was higher in January than in July. 
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Mesozooplankton consumed between 0.5 and 1% of  C body weight. This is at the lower end 
of  literature values for copepods, which fall between 0.2 – 84% and about 20% is needed to 
sustain metabolism (Schultes, 2004 and references within). There is very little data available 
on feeding rates of  mesozooplankton from oligotrophic warm waters and most of  it covers 
only feeding on phytoplankton since it is based on the gut fluorescence technique. Recently, 
Paffenhöfer (2006) hypothesized that food availability is the most important factor limiting the 
abundance of  copepods in warm oceanic waters. His measurements of  ingestion rates and 
metabolic requirements of  two abundant copepods from the subtropical open ocean indicated 
that the available food concentration was often insufficient to maintain metabolism and 
therefore limited reproduction.
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Fig. 3.32: Grazing of  mesozooplankton on microzooplankton.

We detected coupling between the different trophic levels in our experiments. 
Mesozooplankton released small phytoplankton from grazing pressure by protozoa. The 
proportion of  secondary production removed by mesozooplankton increased with increased 
biomass of  predators, and the proportion of  primary production decreased with increased 
biomass of  mesozooplankton (Fig. 3.33).
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Fig. 3.33:  The proportion of  secondary production removed by mesozooplankton (left) and of  primary 
production removed by microzooplankton (right) in relation to the biomass of  mesozooplankton 
grazers. The decrease in microzooplankton grazing indicates the influence of  mesozooplankton on 
microzooplankton grazing.
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Mesozooplankton: estimation of secondary production

Methods

Secondary production experiments were conducted during two RV Southern Surveyor cruises 
in August 2003 (SS200307) and January 2004 (SS200401).  Two field methods and two models 
were used to estimate secondary production. The egg production method is based on the 
fact that copepod somatic growth ceases in adult females, and the growth rate is therefore 
assumed to be equivalent to egg production. This method has good spatiotemporal resolution, 
because fecundity is both time and site specific. It reflects the integration by the adult female 
of  environmental variables prevailing during accumulation of  gonadal material.  This method 
assumes that all stage specific instantaneous growth rates are equal.  This was tested and 
found to be true in Centropages, Acartia tonsa, Calanus pacificus, C. finmarchicus.  For many 
other species, rates decline with copepodite stage, and also food limitation may exist for 
the adult but not the juvenile.  Rates of  production can be estimated from the specific egg 
production rate, which equals the growth rate of  females. 

Copepods used for the egg production method were collected by slow vertical Bongo 
tows using 355 and 100μm solid codends.  Individual females were placed in 70 ml plastic 
containers with particle free seawater.  Females were incubated for 24 hours under a 12h 
dark:12 h light cycle and ambient temperature. 

The second field method employed was a new amino acid method.  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 (Fig. 3.40).  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.  This method is inexpensive, using a commercial 
Sigma kit and a spectrophotometer (Yebra and Hernandez-Leon 2004).

We applied Ikeda and Motoda (1978) and Hirst and Lampitt (1998) models to our data. In the 
Ikeda and Motoda (1978) model, the growth rate is estimated from the respiration rate which 
is related to individual body weight and temperature.  In the Hirst and Lampitt (1998) model, 
copepods are characterized according to spawning type (broadcast or egg carrying) and life 
stage.  In adults, growth equals reproduction and in juveniles growth is reflected by weight 
gain, and production is a function of  body weight and temperature. The models are similar, and 
both assume food is not limiting. 

Results

Estimates of  secondary production using the egg production method were found to be lower 
than estimates based on the AARS method and the empirical model (Fig. 3.34).  At some 
times, there was a good agreement among the methods i.e. Station A and Stations C, D, E in 
winter and Station A in summer.  The Hirst-Lampitt model and the AARS method showed good 
agreement in offshore stations in winter.

Copepod production estimated using the egg production method ranged from 0.4 to 10 mg C 
m-2 d-1.  This is comparable to copepod production measured in the North West Cape region of  
Western Australia (Mc Kinnon and Duggan, 2003), but was low compared to values from more 
productive coastal and shelf  regions elsewhere in the world (Table 3.6).
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Fig. 3.34:  Estimation of  secondary production (in mg C m-3 day-1) using the two field methods and models.

Table 3.6. Secondary production in different regions (McKinnon and Duggan, 2003). 

Location Production mg C m-2 d-1 Environment

North West Cape, Western Australia 7.5 Subtropical shelf

North West Cape 11.5 Subtropical shelf

Kaneohe Bay, Hawaii 151 Tropical Bay

Western Port Bay, Victoria 7.5 Temperate Bay

Western Agulhas Bank, South Africa 40 Upwelling shelf

Western Agulhas Bank 400 Upwelling shelf

Secondary productivity is generally assumed to be related to primary production, on the order 
of  10% of  primary production. We therefore examined the relationship between secondary 
production estimated using the enzyme and egg production methods and chlorophyll biomass 
(Fig. 3.35) and primary production (Fig. 3.36).  There was no relationship between secondary 
production and either total or large phytoplankton biomass and between secondary production 
and either total or large phytoplankton production.

Only a small proportion of  phytoplankton was utilized by copepods (Table 3.7).
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Fig. 3.36:  Relationship between secondary production (AARS method) and large phytoplankton production

Table 3.7: Copepod production as a proportion of  primary production.

Method %  total 
primary production 

% large fraction of 
primary production 

Egg production 0.2 – 1.6 0.6 - 52

AARS enzyme 1 – 25 1.7 - 250

Hirst and Lampitt model 0.8 – 24 1.61 - 267

Discussion

Secondary production was low in comparison with productive marine environments, but 
comparable to estimates off  Australia’s North West Cape. Our AARS enzyme and egg 
production method results were reasonably similar to the results predicted by the Hirst-Lampitt 
(1998) model. There was no correlation between phytoplankton biomass and secondary 
production.  This is not surprising considering that most phytoplankton in our region are 
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small and not heavily grazed by mesozooplankton. Between 0.2 and 44.9% of  total primary 
production would sustain the estimated levels of  secondary production (Table 3.7). However, 
secondary production was at times a large proportion of  primary production if  only the 
contribution by large phytoplankton was considered. Empirical size- and temperature-based 
models assume secondary production is not food limited, on the other hand, so they may 
overestimate in situ productivity, if  copepods are food limited. In addition most copepods 
are omnivores eating protozoa (Boxshall and Halsey, 2004) and detritus; phytoplankton 
is only a portion of  food available for copepods.  In future, we will estimate zooplankton 
grazing and production as part of  the SRFME biogeochemical model, which will incorporate 
realistic estimates of  prey availability along with temperature- and size-based estimates of  
physiological processes. 

Summary

The mesozooplankton assemblages across the Two Rocks transect showed apparent 
seasonality as well as onshore-offshore spatial structure. Assemblage differences were 
more pronounced in summer than in winter, when Leeuwin flow was stronger, driving greater 
offshore-inshore exchange. Nearshore assemblages were more variable in summer than 
in winter, and offshore station E showed the least seasonal difference. This corresponded 
to the greater seasonal variability inshore in temperature and salinity (section 3.2.1). 
Mesozooplankton diversity increased with distance offshore, however, consistent with the 
pattern observed in the microzooplankton (Section 2.2.9, vol. 1). 

Mesozooplankton grazing on total phytoplankton was lowest nearshore and increased with 
distance offshore. Grazing rates were variable and the choice of  prey varied within and among 
stations. Diatoms were grazed at all stations. An interaction between mesozooplankton and 
microzooplankton grazing was observed, with an increased impact of  the mesozooplankton on 
the microzooplankton offshore, consistent with the trend toward increased microzooplankton 
grazing on the phytoplankton offshore (sec. 2.2.9, vol. 1). 

Measured feeding rates were low. It is possible that the low food concentration is an important 
factor regulating the abundance of  mesozooplankton in our region.

Secondary production was low in comparison with productive marine environments, but 
comparable to estimates off  Australia’s North West Cape. Our field method results were more 
similar to the results predicted by the Hirst-Lampitt (1998) than to other global models. There 
was no correlation between phytoplankton biomass and secondary production.  Secondary 
production was at times a very high proportion of  primary production, only in relation to the 
contribution by large phytoplankton alone. 

3.2.5  Bioacoustics

Investigator / Institution

 Nick Mortimer CSIRO Marine and Atmospheric Research

Introduction

Acoustic methodologies can be applied to characterise the spatial and temporal variability 
of  continental shelf  marine life (McGehee et al. 2004; Warren et al. 2004). Acoustic remote 
sensing enables scientists to map a cross section of  the ocean and view the interaction 
of  marine life with seabed and oceanographic features (Sutor et al.  2005). It also has the 
potential to provide quantitative metrics within and between seasons on the densities of  major 
trophic groups from plankton to fish (Swartzman et al.  2002). 

To identify and quantify marine life from plankton (predominantly drifting small organisms 0.1 
- 20 mm) to large nekton (organisms such as fish) that can move independently of  currents) 
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requires the use of  many acoustic frequencies. In this study 9 frequencies were used ranging 
from 70 kHz to 3 MHz (Holliday and Pieper, 1995). The acoustic maps enable biological 
and physical samples to be better targeted and provide the necessary spatial and temporal 
context. Likewise the physical and biological samples are critical for the interpretation of  the 
acoustic signatures and training of  the multi-frequency remote sensing algorithms. To sample 
the marine life from phytoplankton to nekton, seawater pumps and variable meshed nets 
are used. These point samples of  marine life can be used to ground-truth the acoustics and 
relate the samples to the across-shelf  patches observed in the acoustics (Greene et al. 1998; 
Ressler et al. 2005;). It is often difficult to capture the organisms seen by the acoustics due 
to avoidance and difficulty in accurately targeting scattering layers. At 70 kHz the acoustic 
frequency is also selective towards larger organisms (macrozooplankton to micronekton). 
Current biological sampling methods using small meshed nets will under represent or 
undersample these animals. One way to assist in the identification and numbers of  these 
species is to use multi-frequency acoustic methods (Korneliussen and Ona, 2003).

Low frequency bioacoustics

Aims/objectives

To develop and apply acoustic methods to map and monitor zooplankton and micronekton at 
low frequencies: 70, 120 and 200 kHz.

Methods

Nine voyages with acoustic transects along the Two Rocks transect have been completed 
using a specifically designed pole mounted three frequency echo sounder. The system was 
calibrated at the CSIRO Marine Research  transducer calibration facility, and in the field using a 
standard tungsten carbide reference sphere method (Foote et al. 1987). 

Results 

The Two Rocks across-shelf  acoustic transect (70 kHz on the 29th April 2003) provides unique 
insights into the spatial and temporal dynamics of  inferred biota (Fig. 3.37). This acoustic map 
provides seabed attributes of  depth and the inferred aggregations of  biological life within 
the water column over the 90 km long transect. High acoustic reflectance was found inshore 
(A,B) associated with the cooler saltier and higher chlorophyll water mass (Fig. 3.43).  Internal 
waves were observed on the outer shelf  (C to D). Vertical migration of  the deep scattering 
layer moving from ~600 m depth to 100 m depth at sunset is evident at station E. This cross 
sectional view of  the water column provides a window into the subsurface marine life and 
its spatial relationships with oceanographic conditions and seabed features. There was a 
significant correlation between patches of  high acoustic reflectance and high chlorophyll levels 
for this transect.
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Figure 3.37:  Acoustic echogram at one frequency (70 kHz April 2003) of  the two rocks transect with 
vessel moving from Station A on the coast to Station E offshore.  Low acoustic reflectance (volume 
reverberation) is shown in blue and high reflectance is red. The insert of  a satellite image of  ocean 
temperature variation of  the Two Rocks transect with orange as high temperature and blue low 
temperature gives the sea surface context of  the acoustic data. 

Figure 3.38 illustrates the difference in spatial sampling between the acoustic data resolution 
and the physical, chemical and biological station data collected along the transects at 
quarterly and monthly intervals. Visually the vertical and horizontal resolution of  the acoustic 
backscatter (inferred to be from large biological scatterers) provides a unique spatial context 
to complement the interpretation of  the station data. In particular it highlights high gradients in 
backscatter that occur at bathymetric features close to sampling stations bc and c (Fig. 3.38c). 
Small changes in positioning of  stations bc and c may result in large changes in biological, 
chemical and physical variables observed. 
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Figure 3.38: Calibrated acoustic transect data at 70 kHz (April 2003) shown in Figure 3.37 at (a) 10 m 
horizontal and 1 m vertical resolution, (b) re-sampled acoustic data with linear horizontal interpolation to 
simulate the collection of  associated biological, chemical and physical data at the 9 quarterly stations 
and  (c) similar re-sampling for the 5 monthly stations.
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Figure 3.39 highlights the temporal variability within the acoustic data during the summer 
and autumn of  2003 and 2004 at 120 kHz. A large inter-season variation in backscatter was 
observed in summer (Fig. 3.39 a,b) and autumn (Fig. 3.39 c,d) that occurred over large spatial 
scales of  10 – 50 km for 2003 and 2004. Also, a large inter-annual change in backscatter is 
evident, with lower backscatter in 2003 than 2004 at large spatial scales from 20 to 30 km. 
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Figure 3.39:  Volume reverberation (-85 dB minimum) at 120 kHz for between year comparison of  
Summer (a) 2003 and (b) 2004 and Autumn (c) 2003 and (d) 2004. At each station the water mass as 
interpreted from satellite imagery is identified where (LC = Leeuwin Current, WI ==  Winter Inshore water 
,CC =Capes Current and SI = Summer Inshore water. Time of  day is indicated with a blue bar (day), 
green bar (night) and twilight (red).

Principal component analysis was used to identify patterns of  the acoustic reverberation 
along the Two Rocks transect. EchoView Ver 5.1 was first used to calculate the mean volume 
backscattering strength integrated from the surface to 5m above the bottom in 1 km horizontal 
bins, with a maximum integration depth of  150m. Small dense schools of  fish were removed 
so the signal reflected large-scale features.  The data were linear-transformed, with the original 
acoustic data expressed on a log scale (dB) and standardized by subtracting the transect mean 
and dividing by the standard deviation, before performing principal component analysis.
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Figure 3.40:  (top) Principal component analysis of  Mean Volume Backscattering Strength along the Two 
Rocks transect. (bottom) Component Scores along the Two Rocks Transect showing principal component 
1 (p1 – black line) and principal component 2 (p2 – Red line).

Figure 3.40 shows a plot of  the loadings for each cruise onto principal component 1 versus 
principal  component 2 (top) combined with a plot of  the scores of  the first two principal 
components along the transect (bottom). Component 1 explains 31% of  the variability. It 
highlights a cross-shelf  gradient, with inshore scattering peaking in autumn (April 2003 and 
2004) and also summer of  2003, with an opposite pattern in the winter (August) of  2003. 
Component 2 explains 19% of  the variability, highlighting the inner and outer shelf. This area 
is influenced by the Capes Current in summer, a cool water current from the south that can 
cause localised upwelling. A pattern of  increased backscattering on the inner shelf  (15 – 20 
km offshore) and on the outer shelf  just offshore of  the 100 m depth station (C) was observed 
on virtually all summer cruises, indicating a possible link between this current and enhanced 
backscatter in these regions (Fig.3.40). The pattern during summer was clearly differentiated 
from that during the spring (September) of  2004. Despite the limited data set, the available data 
suggest seasonal differentiation in the distribution of  acoustic backscattering across the shelf. 

Multi frequency

Distinguishing broad categories and associated numbers of  marine life is possible using 
multiple acoustic frequencies in combination with acoustic scattering models (Kloser et al.  
2002; Korneliussen and Ona, 2003). Figure 3.41 shows an example of  such differentiation 
using our three frequency system of  70, 120 and 200 kHz. On the 200 kHz volume 
reverberation echogram a thin layer at 80 to 100 m depth stands out. This layer is characteristic 
of  a non-gas bladdered animal (e.g. euphausiids), because such organisms have a higher 
reflectivity at 200 kHz (Fig. 3.41b) when compared to 70kHz (Fig. 3.41a). This feature is 
easier to visualise on the lower panel (Fig. 3.42c), which combines the frequencies using an 
amplitude-mixing algorithm. Of  special note is the distinct depth layering of  this feature and 
the need to accurately target these layers with biological sampling for identification.
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Figure 3.41: Acoustic species group identification example using two frequencies at a) 70 kHz (green), b) 200 
kHz (red), and c) amplitude mixing of the two frequencies to highlight species differences (Kloser et al.  2002).

The multifrequency acoustic data can be used to explore the generic biological scattering type 
(solid, fluid or gas-filled) and size that is responsible for the calibrated volume reverberated 
backscatter. We consider four general classes of  backscatter that relate to the size of  the 
organisms equivalent radius (a) and the acoustic wave number (k ); being Rayleigh ka<<1, 
resonance ka = 1, transition ka ~1 and geometric ka>>1 (Fig. 3.48). As an example, 
a fluid-filled organism in the Rayleigh scattering region at all frequencies requires the 
equivalent radius to be very much less than the 200 kHz wavelength of  7.5 mm. The volume 
backscattering strength (Sv dB re 1 m-1) dB difference (

1 2f fdB −∆ ) between frequencies 1f and 

2f  in the Rayleigh region can be approximated by:  

1 2

4

1

2

10log10f f
fdB
f−

 
∆ =  

 
where 70 120 9.4dB −∆ = −  and 70 200 18.2dB −∆ = −  dB.
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Figure 3.42: A plot of  frequency versus target strength (TS) for organisms of  equivalent spherical radius 
(ESR) from 0.2 – 0.6 mm). The frequencies used by SRFME are indicated along the top.

The volume reverberation data between 70 kHz and 120 kHz shows that there are clear areas of  
both significantly high (greater than 3 dB) and low frequency difference (Fig. 3.43). We hypothesise 
that the areas of low frequency difference are indicative of small scatterers within the Rayleigh 
scattering regime; fluid-filled organisms need to be very much less than an equivalent radius 
of 12.5 mm. When the frequency difference is very high (greater than 3 dB) the scattering is 
indicative of larger-bodied organisms or resonance gas bubble scatterers. This ability to segment 
the multi-frequency acoustic echogram into probabilistic scattering types is a first step toward 
understanding the spatial and temporal distribution and abundance of organisms. Acoustics 
provides a very high spatial (and potentially temporal) resolution of the marine environment and 
could form a complementary sampling tool in the evaluation of ecosystems and their natural and 
human induced changes. One aspect of  the need to understand ecosystem function is for input 
into the ecosystem approach to fisheries management. 
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Figure 3.43:  Example of the volume reverberation dB difference between a) 70 kHz and b) 120 kHz acoustic 
frequencies in c) 70 120dB −∆ where blue indicates a low and red a high between frequency difference.

The sampling needs for ecosystem-based fishery management will depend on the overall 
management arrangements for the fishery, but acoustics can provide information on relative 
biomass, size and trophic spectra through the water column.

High frequency bioacoustics

Aims/objectives

The objective of  this part of  the project was to develop and apply acoustic methods to assess 
the fine-scale vertical distribution of  mesoplankton at high frequencies ranging from 265 to 
3000 kHz.

To use acoustics to investigate the distribution of  mesoplankton (0.2 - 20 mm), higher 
frequencies must be employed than those normally used in fisheries.  To determine both 
the size and abundance of  zooplankton and micronekton, multiple frequencies are required 
(Holliday and Pieper, 1995).  This study has been conducted using a Tracor Acoustic Profiler 
System (TAPS), in conjunction with a specially designed Discreet In-situ Plankton Sampler 
(DIPS).  The DIPS unit can collect six discrete plankton samples from the water column, while 
TAPS collects concurrent acoustic data (Fig. 3.44).
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TAPS

Figure 3.44:  Picture of  the specially designed Discreet In-situ Plankton Sampler (DIPS), that can collect 
six samples at targeted water depths, with the Tracor Acoustic Profiler System (TAPS) attached to the 
upper right of  the frame.

The six TAPS frequencies were chosen to span the transition between Rayleigh to geometric 
scattering for fluid-filled animals such as copepods.  The acoustic profiler has primarily been 
deployed in ‘cast mode’, where a finite volume of  water (5 L) at a fixed range (1.5 m) from 
TAPS is sampled as the instrument is lowered through the water column.  The DIPS unit is 
operated from the surface, combined with a real-time display of  TAPS data that allows the 
operator to target features of  interest in the water column. 

Methods

Extensive trials and experiments have been undertaken during SRFME to develop the 
application of  this technology and associated biological sampling, since this is an area of  
acoustic science new to Australia.

The TAPS and DIPS units were used extensively during the 2004 field season, with 50 
vertical profiles and 120 plankton samples collected.  These plankton samples are currently 
being digitized using a microscope fitted with a CCD camera.  The digital pictures are then 
processed using ImageJ (Abramoff  et al.  2004) to determine the volume and equivalent 
spherical radius (ESR) of  each animal (Alcaraz et al.  2003). The ESR is the radius of  a sphere 
that contains the same volume as the organism.  Once dominant ESR size classes are known, 
backscatter models appropriate to organism shape and composition can be calculated to 
predict the frequency response (Holliday, 1992).  Based on these backscatter models, the 
multi-frequency TAPS data can be inverted using non-linear least-squares to give estimates of  
biota size and abundance (Holliday and Pieper, 1995) (see Fig. 3.45).
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# Taxa Area
(mm2)

Major
(mm)

Minor
(mm)

Volume
(mm3)

ESR
(mm)

1 copepod 0.821 1.605 0.652 0.357 0.440
2 copepod 0.168 0.865 0.248 0.028 0.188
3 chaetognath 2.755 5.542 0.633 1.163 0.652
4 copepod 0.041 0.451 0.114 0.003 0.090
5 copepod 0.134 0.654 0.260 0.023 0.177

Figure 3.45: Example of  biota measured for acoustic truncated fluid sphere model development, 
showing the necessary simplifications of  body shapes.  The associated table quantifies the biota cross 
sectional area, major and minor axes, volume and equivalent spherical radius (ESR).  The organisms were 
collected from 27 m water depth, with the frequency response as shown in Figure 3.48. 

Results

Composition of  pump samples varied in abundance, species and size classes. The abundance 
of  zooplankton in pump samples was found to range between 145 m-3 and 6246 m-3. Species 
composition changed with depth, station and time of  day. 
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Figure 3.46:  Stepwise Regression of measured TAPS Svobs to 10log10 (abundance) of  dominant size class.
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To evaluate our acoustic methodology we must determine a relationship between DIPS 
samples and TAPS-measured Sv.  We assume the relationship between observed Sv and 
abundance of  zooplankton is given by Equation 1. 

log10 10 )(nTSS ivobs +=  [1]

Where Sv
obs

 is the mean volume backscatter in dB re 1 m-1, TS is the mean target strength of the 
dominant scatterer in dB re 1 m2 and n is the number of scatterers in the ith sample (MacLennan 
et al. 2002). Thus doubling the abundance of zooplankton would lead to an increase of 3dB in 
Sv

obs
. A stepwise linear regression against 10log abundance was performed to identify the most 

important ESR class for each frequency. A regression was performed against the dominant size 
classes (Fig. 3.46). The stepwise linear regressions indicate that there is a statistical relationship 
between the DIPS samples and the measured values of Sv (p<0.05) at all frequencies apart from 
265 kHz. As has been shown before (Pieper and Holliday, 1984; Holliday and Pieper, 1995) there is a 
stronger correlation between larger copepods (ESR = 0.4 mm) and higher frequencies than at lower 
frequencies. 

The slope values for the regressions clearly indicate the presence of  a low signal to noise ratio.  
This can be demonstrated by adding a noise term to Equation 1. 
 

) ( Sv /NL))/(nTS( i
pred

1010log10
10 1010log10 10 += +

[2]

Where NL is the mean noise level in dB re 1 m-1. The noise level can be estimated from 
samples containing low abundances. Figure 3.46 shows TAPS measured Sv plotted against 
predicted Sv from Equation 2 for abundance values in the 0.4 mm ESR bin, the middle line 
indicating the regression function and the outer lines one standard deviation in the noise level.  
A target strength of  –82 dB re 1 m2 was assumed and estimates of  noise level and noise 
standard deviation were made from data collected from low abundance samples.  The value of  
R2 has fallen from 0.73 to 0.68 but the slope is now much closer to the expected value of  unity. 
This clearly shows that our ability to predict concentrations of  zooplankton is limited by system 
noise, both the absolute noise level and its standard deviation.
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3MHz

y= 0.99x-0.96
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Figure 3.47:  TAPS measured Sv
obs 

at 3 MHz vs Predicted Sv
pred

 including noise with an estimated target 
strength TS of  -82 dB re 1 m-2. The outer lines denote 1 standard deviation from the mean noise level.
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Another key aspect of  TAPS is the small sampling volume. The volume was chosen to exclude 
larger, less abundant creatures from the sample. We must be aware of  the effects this can have 
when operating in a low abundance environment. It has been shown that reverberation from 
multiple scatterers is quite different to those from a single scatterer (Stanton, 1985). When a 
large number of  randomly located scatterers are ensonified the resultant echo is dependent on 
the integral of  the acoustic beam pattern, whereas with a single scatterer the result is a function 
of  the beam pattern. Hence when the number of  scatterers in the sample volume is large 
their position in the acoustic beam pattern can be ignored, but when numbers of  scatterers 
approach one, their position in the beam becomes important. To get overlapping echoes there 
must be more than one scatterer in a given pulse resolution volume. The critical number of  
scatterers needed per m3 assuming a random distribution can be calculated by dividing 1 by 
the sample volume in m3. Typical values of  critical density for TAPS ranges from 217 to 811 
individuals per m3 depending on range bin and frequency. Many of  our samples approached or 
were within the range of  that critical density. 

Figure 3.48 highlights the effects of  critical densities by comparing two samples taken from 
voyage SS200401. Sample 1 was taken during the day at a depth of  29 m in 40 m of  water, 27 
km off  shore at station B. The highest abundance of  zooplankton (6246 m-3) during the voyage 
was recorded in this sample. Sample 2 was taken at night at a depth of  27 m in 1000 m of  water, 
85 km off  shore at station E. A much lower total abundance (523 m-3) was recorded in Sample 2, 
but with a higher concentration of  larger zooplankton.  A clear difference can be seen between 
the PDFs from the two samples. The high abundance Sample 1 is normally distributed in the 
log domain. Sample 2 shows two peaks which are probably related to two different scattering 
groups. As expected from a normal distribution, the mean and median of  the acoustic Sample 
1 are similar, unlike Sample 2. It was found that the median value of  Sv correlated much better 
with the abundance of  zooplankton in the DIPS samples than did the mean value. This is 
probably due to the median excluding less abundant larger scatterers. Identifying these distinct 
PDFs can improve our ability to predict plankton abundance from acoustic backscattering.
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Figure 3.48: Comparison of  the PDF from high and low abundance samples showing a) PDF of  volume 
reverberation (Sv dB re m-1) and b) The measured equivalent spherical radius (ESR) of  the biota vs the 
10*log10(abundance m-3) . Lines indicate the critical number of  scatters.
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These results indicate that TAPS is limited by system noise but is still able to detect 
zooplankton in this region of  low plankton abundance. Ideally a signal-to-noise ratio of  9-12 dB 
is required for reliable sampling of  zooplankton populations (Greenlaw, 1983). 

Derivations of  Sv rely on two main assumptions: scatterers are randomly distributed in the 
sample volume; and the number of  scatterers is statistically large. As a rule this can be taken 
to be 5-30 scatterers and with averaging 20 pings then the 95% confidence interval should be 
approximately  ±2 dB (Greenlaw, 1983). The signal returned from the biota needs to be above 
the noise limit for all frequencies for inverse methods to work optimally. At typical density levels 
experienced along the Two Rocks transect the plankton density within the 3 L sample volume 
ranges from 0.4 to 18 plankton per sample volume. 

Discussion

TAPS’ utility could be greatly improved by increasing the signal-to-noise ratio. This could be 
done in a number of  ways: increase the source level or the pulse length or reduce system 
noise. Perhaps the simplest of  these methods would be to increase the pulse length. Doubling 
the pulse length would increase the signal-to-noise ratio by 3dB. TAPS currently uses a 
pulse length of  336 μs giving a sample interval of  approximately 0.255 m in range. There 
are limits to the amount the pulse length can be increased. As pulse length increases range 
resolution decreases. Also the distance to the nearest sample range must be increased to 
avoid interference from the transducer ringing at the end of  the pulse cycle. Increasing the 
pulse length will also decrease the number of  statistically independent samples taken each 
ping, resulting in the need to increase the ping rate to compensate. Absorption at these 
high frequencies will also limit the maximum pulse length. The derivation of  Sv assumes that 
absorption within the pulse length is negligible. At high frequencies such as 3 MHz absorption 
can be over 2.4 dB m-1 effectively limiting the pulse length to less than a meter. Signal-to-noise 
ratio could be improved using an FM slide (chirp) signal (Ehrenberg and Torkelson, 2000). 
Another way to tackle this problem is through noise reduction (Korneliussen, 2000) which could 
be achieved by monitoring distant range bins, and assuming that their return represents the 
noise level for that particular ping.

The detection of  single targets versus multiple scatterers could be greatly improved by 
reducing the pre-averaging that TAPS performs and sampling the echo envelope at a higher 
frequency. Working with raw un-averaged data would be a distinct advantage.  We hope to 
implement some of  these strategies in the next round of  field work to significantly improve our 
detection limits.

Summary and conclusion

Some major advances have been made in this project to understand the spatial and temporal 
dynamics of  marine biota from zooplankton to micronecton using acoustics. Our studies have 
highlighted the limitations of  existing equipment that is commonly used to study plankton at 
high frequencies. This advanced understanding is being fed back to equipment manufacturers 
to make instruments more suitable to the Western Australian environment. Our use of  the low 
frequency instruments has highlighted the difficulties of  using small vessels to collect high 
data quality at multiple frequencies at the same time of  day.

The acoustic transect data in a qualitative sense provides a unique insight into the spatial 
structuring of  marine biota that is impossible to obtain from coarsely-resolved sampling at 
fixed stations.  In this way the acoustic data can assist in the extrapolation between sparse 
station sampling. Our use of  multi-frequencies is in its infancy and we have demonstrated that 
by using simple scattering models we can segment the acoustic transect data into probable 
scattering groups. We see a clear path to improve the methods developed and applied so far 
in this project.

Improvements to existing use of  acoustic data would probably require more emphasis on the 
partitioning into the various trophic groups with quantitative estimates of  biomass, size and 
trophic spectra as well as integration with other environmental data. Ultimately, the objectives 
of  data collection will determine the sampling protocols required and the best vessels (e.g., 
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industry, research, mooring, drifter or autonomous underwater vehicle (AUV)). The use of  
AUV’s, gliders, moorings and ships of  opportunity (e.g. ferries) can greatly increase the spatial 
and temporal coverage at potentially low data collection costs.
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