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Executive Summary

Human activities can affect coastal ecosystems strongly, particularly the biological 
communities of  the shallow sea floor.  The goal of  the SRFME study into benthic (sea floor) 
ecosystem dynamics was to advance the understanding of  human impacts on these 
ecosystems and communities through a set of  focussed studies addressing the relative 
influences of  exposure to wave action (the dominant physical disturbance) and fishing by 
humans (i.e. direct and indirect trophic interactions).

Several discrete studies addressed the influence of  wave action. One approach compared 
modelled wave-induced forces with species richness of  macroalgae collected as part of  the 
coastal ecology programme. A key finding was that diversity of  assemblages of  reef  algae was 
related to the wave-energy regime they experience. Quadrat level species diversity was highly 
correlated with wave exposure, with much of  the variance in species composition explained by 
wave exposure.

Other correlates of  exposure to waves are seen in differences in patterns and processes 
across the lagoons, that become evident as differences between reefs close to the shore 
(sheltered from waves) and reefs far from the shore (exposed to waves). This was found to be 
the case for the biomass of  detached macrophytes (drift, or wrack), densities of  sea urchins 
(higher densities inshore) and magnitudes of  drift grazing by sea urchins (higher inshore), 
and the importance of  ammonium, derived from the breakdown of  wrack, as a source of  
nitrogen to kelps at Jurien. Analyses of  the morphology of  drift kelps accumulating at one 
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location showed that a large proportion of  drift kelps originate from the reefs further offshore, 
providing evidence for large-scale trophic linkages across the lagoon that are a direct result of  
wave action. Inconsistent trends were found for cross-lagoon patterns in primary productivity 
and recruitment of  sea urchins. For primary productivity, both direct and indirect methods 
(i.e. tagging of  individual kelp and estimates based on biomass, respectively) found that 
productivity was higher offshore at Jurien, but not at Marmion. These inconsistent patterns 
suggest that we do not yet fully understand the main factors influencing rates of  primary 
productivity of  reef  algae.

Trophic interactions can also have a considerable influence on patterns of  reef  benthos, so 
an additional component of  the research focussed on an initial assessment of  the influence 
of  predators on the structure of  reef  assemblages, including the first assessment of  the 
effects of  a 16-year fishing closure at Kingston Sanctuary (Rottnest Island). The overall 
abundance of  fish, and the abundance of  predatory fish and western rock lobster (Panulirus 
cygnus), were higher inside the Kingston Sanctuary than at adjacent fished reefs. These 
differences in abundances of  predatory fishes and lobsters were reflected by patterns of  
predation, with higher predation on tethered sea urchins in the sanctuary.  However there 
were no simple trends in the abundances of  prey: the abundance of  one species of  sea 
urchin (H. erythrogramma) was lower in the area protected from fishing, consistent with the 
pattern predicted if  predation was a strong influence, but the abundance of  a second species 
(C. tenuispinus) was higher in the area protected from fishing. The species composition of  
assemblages of  reef  algae did not differ between sanctuary and fished areas, suggesting that 
although we experimentally measured indirect cascading effects of  fishing on predation, these 
did not manifest themselves strongly as a trophic cascade that affected herbivores or primary 
producers in a discernable way.

Introduction

The Western Australian coast encompasses one of  the world’s marine biodiversity hotspots, 
and contains high species richness and endemism (Roberts et al. 2002). The lower west coast 
(roughly, Geraldton to Cape Leeuwin), that was the geographic focus of  SRFME research, 
is a region of  overlap between tropical and cool temperate biotas (Wilson and Allen 1987). 
The area is unusual because it features high-biomass, high-productivity benthic ecosystems 
despite relatively low-nutrient waters. The lower west coast also hosts the majority of  Western 
Australia’s human population, with the majority living near the coast around Perth (Department 
of  Environmental Protection 1998). The pressures associated with human use will continue to 
increase as the population of  Western Australia is predicted to rise from 2 to 2.7 million by 
2029 (Department of  Environmental Protection 1998).

Pressures on the environment therefore impact most heavily on coastal benthic ecosystems.  
Understanding ecological patterns and processes in these ecosystems will be increasingly 
important as managers strive to minimise these impacts. The State of  the Marine Environment 
Report (Zann 1995) highlighted the poor state of  understanding of  ecological processes, and 
the limited data for much of  the coast, as well as the limited application of  existing knowledge 
in management.

Much of  the practical focus of  SRFME benthic ecology studies was directed at understanding 
spatial and temporal variability in diversity and composition of  reef  benthos (Chapter 5). But 
the overall goal of  SRFME research into benthic ecosystem dynamics (this chapter) was to 
investigate some of  the mechanisms underlying this variability, and the potential for fishing 
by humans to alter food webs. The research was implemented as a number of  discrete 
components, each designed to evaluate specific mechanisms thought to be important in 
shaping patterns in reef  communities, in particular wave action (physical disturbance) and 
fishing by humans.

Exposure to waves is known to influence community structure (Goldberg & Kendrick 2004), 
intraspecific morphological variation (Stewart & Carpenter 2003), nutrient uptake (Larned 
1999) and patch dynamics (Menge et al. 2005). Our understanding of  the importance of  
waves was improved through various methods. A combination of  observations and modelling 
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was used to test associations between (modelled) wave-induced forces and species richness 
of  macroalgae (Section 6.1).  Because practical constraints make it difficult to obtain data 
with good spatial or temporal coverage of  the hydrodynamic forces operating throughout 
an extensive reef  system, numerical wave modelling is a widely used alternative means of  
quantifying hydrodynamic forces, especially in regions for that comprehensive meteorological 
and oceanographic data are available. To our knowledge, investigations of ecologically significant 
hydrodynamic forces as estimated from numerical models are rare and performed at coarse spatial 
resolutions (e.g. Hemer in press). While there are limitations to the use of numerical wave modelling 
at ultra-fine spatial scales (< ~5m) where turbulence induced non-linearity is exhibited, applying 
wave modelling in and around coastal reef systems to investigate ecologically important processes 
is an under-exploited approach. 

If  waves are a dominant influence on reef benthos, one prediction is that patterns would be 
different across the lagoon - between reefs close to the shore (sheltered from waves) and reefs far 
from the shore (exposed to waves). An additional component of  the research therefore examined 
whether rates of three key ecological processes (primary production, herbivory and recruitment) 
varied between these two broad types of reefs (Section 6.3). As part of  this, research also included 
a component that examined the magnitude of exchange of drift kelp between these two reef strata.

Trophic interactions can also have a considerable influence on patterns of reef benthos. For 
example, in several parts of  the world, hunting and fishing has reduced predators of sea urchins 
to ecologically trivial abundances, resulting in increases in sea urchin abundance, followed by 
landscape-scale decreases in canopy-forming primary producers due to grazing (Babcock et 
al. 1999, Estes et al. 2004). Grazing is therefore another process that could create and maintain 
patches of different habitats. A fourth component of  the research therefore focussed on an initial 
assessment of  the influence of predators on the structure of reef assemblages, taking advantage 
of a protected area at Rottnest Island (Section 6.3).

Methods

Wave modelling and patterns of diversity

This study focussed on Jurien Bay. The coast in this region consists of  shallow limestone reefs 
interspersed with sand. Shelf  bathymetry is complex, with depths ranging between 0 and 20 
m out to the steep shelf  edge about five kilometres offshore (Fig. 6.1). The coastal geography 
and bathymetry at Jurien Bay is representative of  much of  the coast stretching from Perth to 
Geraldton and it is therefore a useful model region to understand the ecology of  the shallow 
subtidal habitats of  much of  Western Australia and the impacts of  human activities on them. 
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Figure 6.1: Representation of  bathymetry in the vicinity of  Jurien Bay based on depth soundings gridded 
to 30m resolution. Colourbar shows the depth in metres and the horizontal scales are degrees of  latitude 
and longitude. The bathymetrically complex coastal lagoon where ecological sampling was performed is 
clearly evident above about the 20m isobath (yellow band).

To model wave conditions we used SWAN v40.41 (Ris et al. 1994), a spectral wave model that 
uses the shallow-water equation to estimate orbital water motion at the bottom boundary layer 
(seabed) in a gridded domain of  bathymetry. Given wave conditions at the domain boundaries, 
SWAN models wave propagation in time and space, shoaling, refraction due to current and 
depth, frequency shifting due to currents and non-stationary depth, wind-generated waves, 
wave interactions, white-capping, bottom friction and depth-induced breaking, transmission 
through and reflection by obstacles, and diffraction. 

The modelling domain consisted of  two nested grids: an outer domain of  300 m resolution 
gridded bathymetry and an inner domain of  30 m resolution. Boundary conditions for model 
runs using the outer grid were based on several data sources: offshore wave buoy data and 
NOAA Wavewatch III global wave model data. Boundary conditions for the inner domain were 
taken from the SWAN results in the grid bounding cells of  the outer grid.

We took two approaches to quantify disturbance experienced at the field sites. First, the full 
range of  wave conditions known to occur throughout the year was simulated and the range of  
orbital speeds experienced at each site was compared with ecological data.

Second, a time series of  extreme events, defined as the periods when significant wave 
heights at the Jurien Bay wave buoy exceeded the 90th percentile of  observations over 
an 8 year period (this was the total period of  available data from the Jurien wave buoy) 
was extracted. Modelled orbital speeds obtained at each time step in the time series were 
summed to approximate the area under the extreme event curve. This was used to evaluate 
the accumulated exposure to high energy conditions at a site in the two years preceding the 
collection of  the benthic community data.

On each sampling visit five 0.25 m2 quadrats were placed randomly within an area of  
approximately 20 m radius at each of  26 reef  sites. The positions of  sites were accurately 
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recorded using differential GPS to allow seasonal sampling at the same location. All but 
encrusting macroalgae were harvested from the quadrat for later identification and weighing. 
Sampling at some sites occurred seasonally (quarterly) for two years, but most sites were 
sampled less often. See more detailed methods in Chapter 5.

Export of detached macroalgae from offshore to inshore reefs

The methods for this study are described in detail in Vanderklift & Wernberg (submitted 
manuscript). Briefly, four morphological measurements were made on laterals of  attached 
pieces of  kelp collected in December 2003 from five reefs offshore of  Fremantle, and 
on drifting pieces of  kelp from one reef: width (cm), thickness (mm), rugosity (number 
of  corrugations cm-1) and spinosity (number of  surface spines mm-2). Spatial patterns in 
morphology were analysed by principal coordinates analysis, to characterize cross-shore 
spatial differences in morphology.  The characteristic differences in morphology could then be 
use predict the origin of  each piece of  drifting kelp using linear discriminant analysis.

Productivity and herbivory at inshore versus offshore reefs

Productivity and herbivory was measured in several ways: fish and invertebrates were 
censused, detached and attached macrophytes were collected, and consumption (C) of  
tethered kelp was measured at three reefs at each of  the inshore and offshore positions at both 
Marmion and Jurien. Productivity (BA) of  E. radiata was measured at two reefs at each of  the 
inshore and offshore positions at both Marmion and Jurien.

Abundances of  herbivorous fishes were counted by visual census in three 25 × 5 m transects 
per reef. Abundances of  invertebrates (focussing mainly on sea urchins) were censused by 
recording densities in five 5 × 1 m belt transects per reef.

Productivity of  kelp Ecklonia radiata was measured following a method described by Larkum 
(1986). Briefly, a hole was punched into the central lamina, 5 cm from the junction between the 
stipe and the lamina, of  5 individual E. radiata. These individuals were collected 20-22 days 
later, and in the laboratory the distance of  the hole from the junction between stipe and lamina 
was measured (allowing the extension to be calculated by subtraction). The first 20 cm of  the 
thallus was then cut into 5 cm strips, that were oven-dried at 60ºC for 48 hours. The strip with 
the maximum biomass was then used to calculate biomass accumulation BA (g-1 ind-1 d-1) as 
BA = xw/5d, where x is the distance moved by the hole (cm), w is the dry weight of  the strip (in 
grams), and d is the number of  days between punching the hole and collecting the kelp.

Consumption of  kelp Ecklonia radiata was measured following a method described by 
Vanderklift & Wernberg (submitted manuscript). Clean (i.e. free of  epiphytes), uneroded 
laterals were collected, placed between two sheets of  Perspex (the top sheet clear and the 
bottom sheet white), and photographed. Lateral were secured by a clothes peg and assigned 
to one of  four treatments: caged (enclosed in a cage of  plastic mesh to exclude all large 
herbivores), drift (clothes peg attached to a ~50 cm length of  monofilament fishing line), 
and fixed-canopy (clothes peg attached to a float, that was tied to a ~50 cm length of  nylon 
line). The ‘drift’ treatment was intended to mimic the action of  detached kelps, and estimate 
consumption of  sedentary herbivores; the ’fixed-canopy’ treatment was intended to mimic kelp 
at the level of  the canopy, and estimate consumption by herbivorous fish. After 2-3 days, the 
lateral were collected and rephotographed. The consumption C (% loss d-1) of  each lateral was 
then calculated.

Recruitment of sea urchins to different areas of the shelf

Recruitment collectors were deployed at three positions along an east-west transect from 
inshore coastal areas to Rottnest Island, with two sites per position. Recruitment collectors 
were deployed by SCUBA diving from a boat. Collectors were deployed at approximately 7 m 
depth at all sites except one (Radar Reef) where they were deployed at approximately 11.5 m 
depth. At all sites the habitat was mainly limestone reef  dominated by Ecklonia radiata. At each 
site, three replicate collectors were deployed in an equilateral triangle formation. Collectors 
were retrieved at approximately six-week intervals from early autumn 2005 to late winter 2005, 
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and at approximately 5 to 20 week intervals from early summer 2005 to winter 2006, This 
yielded six periods of  data from autumn 2005 to winter 2006 observation.

Recruitment collectors were made from 50 cm long sections of  90 mm PVC pipe. A rectangle 
of  artificial turf  (23 cm by 29 cm) was secured to each end of  the PVC pipe by three plastic 
cable ties. Collectors were hung vertically in the water column near the reef  surface, attached 
to a rope with a subsurface float. After retrieval, each piece of  artificial turf  was washed down 
with a high-pressure hose. The material from the collectors was then rinsed through a series 
of  four sieves of  decreasing size: 2.8 mm, 1.7 mm, 500 μm, and 355 μm, and sorted under 
a microscope. Counts of  sea urchin recruits were converted to a per day recruitment rate to 
account for the different numbers of  days that collectors were deployed.

Patterns in densities of  invertebrates and fish, biomasses of  detached macrophytes, biomass 
accumulation of  Ecklonia radiata and daily numbers of  sea urchin recruits were analysed by 
mixed effects analysis of  variance.

Role of predators in structuring benthic communities

Research into the role of  predators in structuring benthic communities focussed on contrasts 
of  patterns and processes inside the Kingston Reef  Reserve — a small (126 ha) reserve 
located at Rottnest Island — and in fished areas in the vicinity of  the reserve. Measurements 
of  abundances of  fishes, abundances of  large benthic invertebrates (focussing particularly on 
spiny lobsters and sea urchins), and relative rates of  predation on sea urchins were taken from 
high relief  rocky reefs.

Surveys of  spiny lobsters (Panulirus cygnus) were conducted in late spring of  2003 and 
repeated later in the winter of  2004. The study used a blocked design such that it compared 
lobster populations on reefs with varying management status (status) on two different 
occasions (time). Spatial variability was examined by dividing both the marine sanctuary and 
the adjacent coastal habitats into four areas of  approximately equal size, giving four fished and 
four unfished areas (area) within each block. Within each of  these areas replicate 50 x 5 m belt 
transect surveys were conducted to determine the density, size and sex of  resident lobster 
populations. Transects were run parallel to depth contours at depths between 4 and 8 m in 
habitats that had the potential to hold lobsters (medium to high relief  reef  with caves, ledges 
or overhangs). Lobsters were recorded and their size (carapace length: CL) and sex estimated 
visually to the nearest 5 mm (MacDiarmid 1991). All transects were conducted in November to 
December 2003, and July and August of  2004 by three divers trained to estimate lobster size 
prior to commencing surveys. Calibration of  diver visual estimates involved visually estimating 
the CL of  a lobster, then capturing and measuring the lobster with vernier callipers. Additional 
calibration checks were made opportunistically throughout each survey period. Calibration 
data obtained in this way can be used to correct size estimates for any bias. Where possible 
the sex of  each lobster was also determined. Where size or sex could not be positively 
determined, these were recorded as unknown. There was a close relationship between 
estimated and actual measures of  CL (r2 = 0.81, F = 396, P< 0.001) however the slope of  the 
regression was significantly different from 1:1 (t

 
= -6.24, P<0.001) and had a y-intercept of  

21.481 (t
 
= 19.9, P<0.001), indicating that the size of  small animals was often underestimated, 

while the size of  larger animals was often overestimated. Part of  this bias may be due to 
pronounced allometric changes in the relative leg length of  large male P. cygnus. Estimates 
were corrected using the appropriate relationship to remove systematic bias in size estimates. 
For the second survey raw values were used as estimates of  size did not differ significantly 
from 1:1.

Spiny lobsters are social animals, often aggregating for mating or to utilize available shelter. 
Because of  this, count data are non-normally distributed and so the data were analysed 
using a mixed-effects log-linear model to fit the data using the GLIMMIX macro (Little et al. 
1996, Millar and Willis 1999) using SAS v.8. The model treated status, area and time as fixed 
effects. The blocking factor was random and treated as a co-variate in the analysis. Data were 
analysed for all lobsters combined, and separately for legal sized animals (> 77 mm CL), and 
for those less than legal size. Lobster sizes in fished and unfished areas were tested using 
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ANOVA. In order to assess the effects of  fishing on lobster biomass, CL was converted to 
biomass using the equations: 

W = 0.0016068 CL2.8682  males

W = 0.0025053 CL2.778  females

where W = weight in g, and CL = carapace length in mm (Hall and Chubb 2001). Where sex 
could not be determined the animals were randomly assigned a sex for estimating biomass 
in the analysis. Similarly CL estimates were used to estimate egg production using the 
relationship:

E = 2(1.92) CL2.69

where E = the number of  late stage eggs borne by a female lobster larger than the size 
at maturity (95 mm CL in the southern zone, Hall and Chubb 2001). Rather than make any 
assumptions about the egg production of  lobsters where their sex could not be positively 
determined, lobsters of  unknown sex were excluded from the comparison. Data for biomass 
and fecundity were summed for each transect and analysed as for the density data. 

Abundances of  fishes were quantified using underwater visual census (UVC), and two 
methods using video — baited underwater video (BUV) and baited remote underwater video 
(BRUV). In the UVC method (12 sites in 2005), predatory fishes were counted in 50 × 10 m 
transects, and abundances of  all other species of  non-cryptic fishes were counted in 25 × 
5 m transects nested inside the larger transects. Male western king wrasse (Coris auricularis), 
brown-spotted wrasse (Notolabrus parilus) and maori wrasse (Opthalmolepis lineolatus) 
were censused using the larger transect, while female and juvenile wrasses were censused 
using the smaller transect. Abundances of  invertebrates (focussing mainly on sea urchins) 
were censused by recording densities in 5 × 1 m belt transects. Fish were censused in three 
transects per site, and invertebrates were censused in five transects per site.

BUV was used in 2003 (27 videos, 14 in the sanctuary and 13 outside) and BRUV was used 
in 2004 (31 videos, 15 in the sanctuary and 16 outside). Video systems were set at least 
200m apart to avoid attracting the same individual fish from visiting multiple camera stations. 
Cameras were not set within an hour of  dusk, or an hour after dawn, to avoid biases due to the 
crepuscular feeding behaviour of  some species (Hobson et al. 1981). 

The BUV system used in 2003 consisted of  a pencil camera mounted on a stainless steel 
stand 115 cm above the substrate and facing straight down (Willis & Babcock 2000, Willis 
et al. 2003). A bait jar containing 4 whole pilchards was mounted on the triangular base 
of  the stand so that it lay in the centre of  the camera’s field of  view. The bottom frame was 
marked with tape at measured increments to allow spatial calibration of  digitized images. 
This permitted accurate and precise length estimates of  fish entering the field of  view. The 
BUV system was lowered from an anchored vessel. Live imagery was recorded onto Hi-8 
digital video tapes using a Hi8 DV recorder at the surface. The BRUV system used in 2004 
was similar in construction to the BUV, the main difference being that a housed video camera 
(Sony TRV 19) was mounted on the frame facing the seafloor, and video was recorded onto 
digital tape. Each system was allowed to record for 30 minutes. In the laboratory video footage 
was analysed in real time to determine the relative abundance of  all reef  fish greater than 
5cm in length entering the field of  view. Relative abundance was estimated using MaxN, the 
maximum number of  individuals of  a species in any given frame (Ellis and DeMartini 1995). 
This eliminated repeat counts of  the same fish that would have violated univariate assumptions 
of  independence. The lengths of  selected recreational and by-catch species were measured 
from calibrated still images using Sigma Scan Pro™ image analysis software. Biomass for 
selected species was estimated using published length-weight regressions where available or 
from those given on www.fishbase.org. For species where no data were available, relationships 
from other species similar in morphology were used as substitutes. 

Relative predation intensity between the sanctuary and fished areas was assessed by 
measuring the survival of  tethered sea urchins over 24 hours. We used the two main species of  
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sea urchins (the purple sea urchin H. erythrogramma and the grey sea urchin C. tenuispinus). 
Sea urchins were measured (test diameter in mm), and tethered by inserting a monofilament 
line through the test using a hypodermic needle, and then tying the line to form a loop. The 
other end of  the line (approximately 20 cm long) was tied to metal chain. Usually at least ten 
tethered individuals of  each species were deployed at each reef. We retrieved the tethers 
after 24 hours and scored the sea urchins as alive or eaten (empty loop of  line, or loop with 
fragment of  test remaining) or uncertain (entire line missing or cut, or dead urchin showing 
signs indicating a cause of  death other than predation).

Benthic macroalgae were sampled to assess whether gradients in predator density and size, or 
grazer density, or both might have resulted in any cascading trophic effects, including reduced 
algal biomass and the development of  urchin barrens. Within each area surveyed for lobsters five 
haphazard 0.25 m-2 quadrats were sampled and all algae collected, identified and weighed.

Results

6.1  Wave Modelling and Patterns of Diversity in Benthic Communities

Investigator / Institution

 Phillip England, Julia Phillips, Russ Babcock, Geordie Clapin, 
Alison Sampey, Nicole Murphy

   CSIRO Marine and Atmospheric Research

Wave Modelling

Modelled orbital motion varies in complex ways throughout the shelf  (Fig. 6.1). Annual maxima 
experienced at the 26 different sites (Fig. 6.2) varied between 0.38 and 1.85 ms-1 and minima 
varied between 0.02 and 0.21 ms-1. The highest values (1.85 ms-1) occurred on the outer edge 
of  the lagoon where prevailing ocean swells first encounter shallow water. Lower values (<0.5 
ms-1) were observed in the more sheltered regions behind islands and close to the shore. The 
most exposed sites also experienced the greatest range of  orbital motion values, consistent 
with the accessibility of  these locations to the largest swell waves. Where outer reef  crests 
are deeper or absent, waves penetrate further into the lagoon and orbital motion values are 
elevated closer to shore. The penetration of  elevated values close to shore depends on swell 
direction and the presence and characteristics of  protective outer reefs.



   v o l u m e  t w o    � � �

 

Figure 6.2: Asterisks show the locations of  macroalgal sampling sites in the vicinity of  Jurien Bay. The 
green 20m isobath shows the approximate location of  the lagoon edge. The blue 10m isobath highlights 
the complexity of  the lagoon’s bathymetry. Grey lines indicate the low water mark. The horizontal distance 
from Jurien Bay inlet to the 20 isobath is 7.5 km. 

The 90th percentile of  observed significant wave heights was 3.17 m and the 10% of  records 
that exceeded this were used to construct a time series of  extreme events. The predominant 
direction of  these waves was south-westerly (range 200-250 degrees). While the ratio of  the 
upper limit of  orbital motion experienced at the most and least exposed sites was 4.5:1; the 
ratio of  two years of  cumulative exposure from the time series of  extreme events at these same 
sites was over 10:1. 
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Figure 6.3: Maps of  modelled orbital motion (ms-1) under three contrasting scenarios at Jurien Bay. 
Upper map: north-westerly storm; middle map: calm conditions; lower map: south-westerly storm.

Macroalgal species diversity

Approximately 280 species of  macroalgae were recorded at Jurien Bay. The number of  
species recorded per 0.25 m2 ranged from 1-56 with a mean of  19.3, a median of  19 and a 
mode of  five. Species accumulation curves suggest that for sites at that only a small number 
of  quadrats were collected, site diversity might be underestimated by an unknown amount. 
Average quadrat diversity per site ranged from 5.2 to 34.6 with a median of  21.8.

Orbital motion versus species richness

There was a significant positive correlation between macroalgal species diversity and 
exposure. Similar results were observed when diversity was compared with various summary 
statistics of  the likely annual range of  orbital water motion or with the cumulative extreme 
event timeseries. Here we present results from the latter comparisons. The number of  species 
present in a quadrat (S) was related to cumulative extreme event orbital motion (U) by the linear 
regression S = 8.05 + 0.012U, adj. r2 = 0.27, p<0.0001. The goodness of  fit of  the data is better 
with a non-linear regression of  the quadratic form S = 6.36 + 0.043U + (1.3x10-5)U2, adj. r2 = 
0.434, P<0.0001 (Fig. 6.4). This analysis used the diversity data from each quadrat individually. 
Because many sites were sampled in different seasons and years, different extreme event time 
series applied at the same site and it was therefore not possible to take the mean of  quadrat 
diversity across all quadrats from a site. However, the correlation was stronger when replicate 
quadrats sampled on the same field trip were pooled (because they experienced identical 
extreme event histories) to derive site/time average diversities. Natural log transformation of  
diversity and cumulative extreme event orbital motion normalised the data and yielded the 
linear regression logS = -3.02 + 0.86 logU, adj. r2 = 0.523, p<0.0001 Fig. 6.4). The quadratic 
non-linear regression had the same goodness of  fit.
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There is a clear relationship between diversity and our index of  disturbance due to wave 
exposure. The shape of  this relationship differs according to how the diversity data are 
summarised. The linear regression achieved when quadrat data were averaged to estimate 
site-wide diversity is stronger than without averaging but this operation is potentially 
problematic as it relies on untested assumptions relating to scale, patchiness and diversity in 
reef  macroalgal habitats. 

Relationships between diversity and disturbance have been observed in many species-rich 
communities where there is competition for limited resources and spatially heterogeneous 
(patchy) disturbance regimes including intertidal rocky reefs, coral reefs, rainforests and 
grasslands (reviewed in Shea et al. 2004). When this relationship is curvilinear and highest at 
intermediate disturbance levels it has been called the intermediate disturbance hypothesis 
(IDH) (Connell 1978). Model studies of  the IDH (Tilman 1994; Bampfylde et al. 2004) show that, 
in a system consisting of  a mosaic of  patches in different states of  recovery from localised 
disturbance, highest diversity is supported in the system as a whole at intermediate levels of  
disturbance, whether the degree of  disturbance be described in terms of  intensity, frequency 
of  occurrence or duration. 

Although noisy, the curvilinear relationship in Fig. 6.4 is consistent with intermediate values 
of  orbital motion correlating with higher macroalgal species diversity, as expected under the 
IDH. We did not sample at the most exposed parts of  the lagoon edge where orbital velocities 
are substantially higher (>2 ms-1). A testable prediction of  the IDH is that estimates of  species 
diversity at these locations would be lower than ~30 species per 0.25m2. If  the relationship 
is linear, substantially higher estimates of  diversity should be obtained. Even if  our data are 
more indicative of  a positive and linear relationship than a hump-shaped one the results lend 
support to the view that wave-induced forces are a dominant factor in the ecology of  shallow 
water benthic communities. 

It is yet to be determined exactly how the index of  exposure we chose to use manifests itself  
as disturbance in benthic habitats, but it is known that oscillatory motion of  water at the 
bottom boundary layer due to waves passing overhead exerts a drag force on sessile benthic 
organisms known to cause breakage of  algal stipes and fronds or complete dislodgement 
from the substrate (Denny et al. 1998, Thomsen et al. 2004). As these forces are greatest 
during extreme events when wave energies are at their peak, it is reasonable to assume that 
biomass reduction and canopy gap formation occurs in proportion to the severity and duration 
of  extreme events. Thomsen et al. (2004) estimate that bed orbital velocities >2 ms-1 would 
be sufficient to dislodge E. radiata. This is close to the 1.85 ms-1 experienced at our most 
energetic sites during times when significant wave height exceeded the 90th percentile. Since 
by definition the maximum wave heights of  such times would be significantly higher, orbital 
velocities greater than 1.85 ms-1 would be likely on a regular basis. Integration of  the two year 
time series of  orbital motion generated during extreme events to produce a cumulative index 
of  exposure is a valid way of  estimating a time-averaged likelihood of  a disturbance event 
occurring at a given place. 

Alternative phenomena may explain the observed relationship. One of  the prerequisites of  
the IDH is that ecological succession operates in the system. While there is some suggestion 
that macroalgal communities in the west coast of  Western Australia exhibit succession, it 
remains unverified and difficult to test. Significant questions remain regarding whether different 
exposure regimes support different diversity levels reflecting adaptive differences among 
species or niche diversity, or whether the observed pattern is being driven by ecological 
interactions among a few key species in reef  habitats. Canopy-forming species, including 
the dominant canopy forming species at Jurien Bay, Ecklonia radiata, are known to influence 
community dynamics in macroalgal forests (Kennelly 1989; Emmerson & Collings 1998; 
Kendrick et al. 1999). We found a significant negative correlation between the presence of  
Ecklonia radiata and species diversity of  macroalgae (τ = -0.24, P<0.001), and the diversity of  
key invertebrate taxa (Chapter 5).
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Figure 6.4: Number of  macroalgal species (per 0.25m2 quadrat) versus cumulative exposure to extreme 
events in the two years prior to sampling. A: Diversity for each quadrat versus cumulative exposure with 
the regression of  best fit (quadratic). B: Log transformed average quadrat diversity at sampling sites on 
each field trip versus log transformed cumulative exposure with the regression of  best fit (linear).
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6.2  Inshore Versus Offshore Trends in Key Ecological Processes

Investigators / Institutions

 Mat Vanderklift, Geordie Clapin, Alison Sampey, Julia Phillips, Russ Babcock

    CSIRO Marine and Atmospheric Research

 Kylie Cook, Catriona Stuart-Andrews, Kris Waddington

    University of  Western Australia

 Thomas Wernberg Edith Cowan University

Cross-lagoon variation in standing crop and productivity

Overall biomass of  macroalgae, and productivity rate of  one key indicator species was 
measured to determine levels of  spatial variation that might ultimately be related to 
environmental factors.  Cross-lagoon variation in standing crop (g C m-2: a rough proxy for 
rates of  primary productivity) of  reef  algal communities was examined within each SRFME 
region. Overall, standing crop was higher in the Jurien region than other regions (P<0.001) 
although differences were not significant between Jurien and Perth (P=0.1) (Fig. 6.5). Reef  
algal communities in the Jurien region showed a trend of  higher standing crop with increasing 
distance from the shore, while the opposite trend was apparent for Perth reefs, although 
differences were not significant in either region (P>0.1). Productivity on reefs in Geographe 
Bay showed no variation with position on lagoon.

Productivity of  the kelp Ecklonia radiata, directly measured as grams wet weight of  biomass 
accumulated per day, was significantly higher (F=144.6, p=0.001) at offshore than inshore 
reefs at Jurien (2.2 ± 0.35 g-1 d-1 SE offshore; 1.0 ± 0.19 g-1 d-1 SE inshore), but there was little 
difference at Marmion (1.0 ± 0.12 g-1 d-1 SE offshore; 0.9 ± 0.20 g-1 d-1 SE inshore; Fig. 6.6) and 
inshore offshore variation was not significant (F=0.48 p=0.53).
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Figure 6.5: Cross-lagoon variation in standing crop of  reef  algal communities. 
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Figure 6.6: Productivity of  tagged individuals of  Ecklonia radiata (measured in g-1 dry weight d-1 at 
inshore and offshore reefs in Jurien Bay and Marmion Lagoon. NH = North Head, WR = Wire Reef, NT = 
North Tail, SL = Seaward Ledge, CR = Cow Rocks, LU = Lumps, HS = Horseshoe Reef, LI = Little Island.

Herbivory at inshore versus offshore reefs

Consumption of  tethered pieces of  kelp Ecklonia radiata varied among the tethering 
treatments at some reefs (significant Reef  × Treatment interaction: F = 3.81, P = <0.001). 
Consumption that was consistent with grazing by sea urchins (significant consumption of  the 
‘drift’ treatment) was significant at Booka Valley (Fig. 5.2 site 26), Wire Reef  (Fig. 5.2 site 20), 
and North Head (Fig. 5.2 site 11), in Jurien, and at South Lumps (Fig. 5.2 site 32), in Marmion 
(Fig. 6.7). Consumption that was consistent with fish grazing (significant consumption of  the 
‘fixed-canopy’ treatment) was significant at Cow Rocks (Fig. 5.2 site 36), in Marmion (Fig. 6.7). 
All these reefs were inshore reefs — no consumption was recorded on any of  the offshore 
reefs. No consumption was recorded in any of  the caged individuals.
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Figure 6.7: Consumption of  tethered pieces of  Ecklonia radiata at inshore and offshore reefs in Jurien 
Bay and Marmion Lagoon to estimate (a) consumption by sea urchins and (b) consumption by fish. NH = 
North Head, WR = Wire Reef, NT = North Tail, SL = Seaward Ledge, CR = Cow Rocks, LU = Lumps, HS = 
Horseshoe Reef, LI = Little Island.

The main large herbivorous fauna recorded at the study reefs that could be responsible for 
the observed consumption were sea urchins and herbivorous fishes. Two species of  sea 
urchins were recorded: Heliocidaris erythrogramma and Phyllacanthus irregularis; most were 
the H. erythrogramma. Densities of  sea urchins were significantly higher in Jurien Bay than in 
Marmion Lagoon (F = 6.93, P = 0.03; Fig. 6.8) (2.83 individuals∙transect-1 ±0.54 versus 0.80 
individuals∙transect-1 ±0.35, n=30). Densities were also significantly higher on inshore reefs 
than offshore reefs (F = 1 088, P = 0.02; Fig. 6.8) (2.37 individuals∙transect-1 ±0.38 versus 
1.27 individuals∙transect-1 ±0.43, n=30). Four species of  herbivorous fishes were recorded: 
the most abundant was Parma spp., followed by the kyphosids Kyphosus sydneyanus and 
K. cornelii, and the odacid Odax cyanomelas. No trends were evident to suggest differences 
in total abundance between locations, or between positions in the respective lagoons (both 
comparisons F < 1, P > 0.5). There was significant variability among reefs (F = 4.42, P = 0.002; 
Fig. 6.9), indicating substantial small-scale spatial variability.
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Figure 6.8: Densities of  sea urchins (Heliocidaris erythrogramma and Phyllacanthus irregularis) at 
inshore and offshore reefs in Jurien Bay and Marmion Lagoon. BV = Booka Valley, NH = North Head, WR 
= Wire Reef, EI = Escape Island, NT = North Tail, SL = Seaward Ledge, CR = Cow Rocks, MC = MAAC, 
LU = Lumps, HS = Horseshoe Reef, TR = Two Rocks, LI = Little Island.
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Figure 6.9: Densities of  herbivorous fish at inshore and offshore reefs in Jurien Bay and Marmion 
Lagoon. BV = Booka Valley, NH = North Head, WR = Wire Reef, EI = Escape Island, NT = North Tail, SL = 
Seaward Ledge, CR = Cow Rocks, MC = MAAC, LU = Lumps, HS = Horseshoe Reef, TR = Two Rocks, LI 
= Little Island.

Recruitment of sea urchins to different areas of the shelf

The main species of  sea urchin recorded from the recruitment collectors was the purple sea 
urchin Heliocidaris erythrogramma. Daily rates of  recruitment of  H. erythrogramma showed 
considerable spatial and temporal variability, with a significant Position × Season interaction 
(F = 3.1, P = 0.03), and a significant Site × Season interaction (F = 3.7, P = 0.04). Despite this 
variability, there was a trend for higher rates of  recruitment during autumn 2005 (Fig. 6.10). 
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No consistent spatial trend was evident, indicating that sea urchin recruitment was spatially 
variable, and suggesting that cross-shelf  gradients in density of  adults were not related 
directly to recruitment.
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Figure 6.10: Daily rates of  settlement (± SE) of  the purple sea urchin Heliocidaris erythrogramma at three 
different positions on the shelf, from six different seasons over the year 2005-2006.

Export of detached macroalgae from offshore to inshore reefs

Based on their morphology individual attached kelps (Ecklonia) could be broadly 
categorised into three main morphological groups: offshore group (Seaward Reef  and 
Casuarina Shoal), central group (two reefs that were located further inshore,The Roarers and 
Straggler Rocks), and a third inshore group (represented by an isolated reef  (Mewstone). At 
the same time as the attached kelps were measured drift kelp was also measured.  Most of  
the drift kelps collected inshore at Mewstone were morphologically most similar to the two 
groups of  reefs further offshore (Fig. 6.11). Overall, linear discriminant analysis indicated 
that, 30% of  the drift kelps were most similar to attached kelps from the group of  reefs 
furthest inshore, while 50% of  the drift kelps were most similar to attached kelps from the 
next group of  reefs, and only 20% of  drift kelps were most similar to attached kelps from the 
reef  at that they were collected. These results imply that drift kelps at Mewstone, for example, 
had originated at a range of  different sources, and that many had drifted for distances of  2-8 
kilometres before arriving there.
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Figure 6.11: Two-dimensional principal coordinate plot of  individual attached kelps from different reefs, 
and drift kelps from one reef, based on four morphological characteristics. The plot shows that the 
morphology of  drift kelps at Mewstone is most similar to the morphology of  kelps from further offshore.

6.3  Role of Predators in Structuring Benthic Communities

Investigator / Institution

 Russ Babcock, Mat Vanderklift, Geordie Clapin, Julia Phillips, Matt Kleczkowski, 

Alison Sampey, Martin Lourey, Nicole Murphy

    CSIRO Marine and Atmospheric Research

 Kylie Cook  University of  Western Australia

Determining whether trophic interactions such as predation or grazing have a strong 
determining role in coastal ecosystem process and structure is often difficult because in many 
areas important predators or grazers have been removed by fishing.  Consequently attempts to 
manipulate these interactions through caging experiments for example may fail because there 
is nothing left for the cages to exclude.  Recent experience has shown that one of  the most 
effective ways to investigate these interactions, given such depleted populations, is to compare 
fished and unfished areas as a means of  exploring the contrasting processes and patterns in 
systems with or without key organisms or groups of  organisms.  A well defined set of  steps is 
required to implement such an approach.  

1. Contrasts in predator abundance must be established. If  they do not exist the comparison 
will be meaningless.  

2. Other components in the ecosystem that may be affected either directly by the predators 
(e.g. grazers) or indirectly by their prey (algae) can be contrasted across the same 
gradients.  

3. The rates of  key processes assumed to be responsible for the differences in abundance 
should be quantified to account for the possibility that the spatial patterns observed are due 
to some other unanticipated factor.  

This is the approach that was taken in studies at Rottnest Island using the Kingston sanctuary zone.  
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Lobsters

During the two surveys the abundance and size distribution of  lobsters (Panulirus cygnus) 
differed markedly between sanctuary and non-sanctuary areas (Fig. 6.12) with a greater 
proportion of  lobsters above minimum legal size inside the sanctuary zone. Another feature of  
the sanctuary zone population was the presence of  large males (over 115 mm CL) that were 
virtually absent from the fished areas. Mean size (CL) was 8.4 mm larger in the sanctuary zone 
(F = 72.21, P <.0001). While there was a slightly higher abundance of  male lobsters overall 
the ratio of  females to males (0.89:1) was not significantly different from 1:1. Due to the cryptic 
behaviour of  the lobsters it was not possible to positively determine the sex of  53% of  the 
lobsters observed. While this is a high proportion it is unlikely to have biased the results of  the 
overall comparison since very similar proportions of  lobsters of  unknown sex were recorded in 
both fished (47%) and unfished areas (53%).
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Figure 6.12: Population structure of  spiny lobsters Panulirus cygnus in the Kingston Marine Sanctuary 
and in adjacent fished areas

The overall density of  rock lobsters was higher within the sanctuary than in adjacent fished 
areas (status t

 
= -3.38, P<0.004) with an estimated density of  17.7 lobsters per transect 

inside the sanctuary and 0.5 lobsters per transect in adjacent fished areas — a ratio of  34.4 
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(Table 6.1). The density of  lobsters also varied with time (t
 
= 4.73, P<0.001) but did not vary 

significantly among areas or blocks (Table 6.2) or in any interactions between factors. The 
density of  legal- (t

 
= -2.96, P<0.004) and sublegal- (t

 
= -3.44, P<0.001) sized lobsters was 

higher inside the sanctuary (Table 6.2), though this difference was much more pronounced for 
legal-sized lobsters, that were estimated to be 50.4 times more abundant inside the sanctuary 
(Table 6.1). Lobsters below the legal size limit were estimated to be 21.7 times more abundant 
inside the sanctuary. The arrangement of  areas within the blocks made it possible to test 
whether lobster densities varied significantly with distance from the centre of  the sanctuary 
(area) (Table 6.2). Overall, and for both legal and sub-legal sized lobsters, densities were 
highest at the centre of  the sanctuary, intermediate at the edges, and uniformly low in areas 
outside the sanctuary (Fig. 6.13). 

Table 6.1: Density, biomass and egg production of  spiny lobsters in the Kingston Reef  Marine Sanctuary 
and adjacent fished areas.

 Sanctuary  Fished  Sanctuary: 
 mean mean Fished ratio

Total density (250 m-2) 17.7 0.5 34.4

Legal density (250 m-2) 12.7 0.25 50.4

Sublegal density (250 m-2) 4.5 0.2 21.7

Biomass (kg.ha-1) 180.1 0.6 313.7

Fecundity (eggs ha-1) 4.4 x 107 4.4 x 105 101.1

Table 6.2: Generalised Linear Mixed Model Analyses of  variation in density of  spiny lobsters in and 
around the Kingston Reef  Marine Sanctuary.

 All  Legal Sublegal All lobster All lobster 
 lobsters lobsters lobsters biomass fecundity

Source df F P F P F P F P F P
Status 1 50.7 <0.0001 41.8 <0.001 31.97 <0.001 12.16 0.0006 31.57 <0.001

Time 1 13.5 0.0003 4.47 0.036 21.87 <0.001 3.87 0.051 4.27 0.040

Area 1 1.1 0.294 0.9 0.343 0.36 0.55 1.09 0.29 1.29 0.26

Status  
× time 1 1.2 0.28 0.22 0.64 2.5 0.12 0.68 0.41 0.03 0.87

Status  
× area 1 5.82 0.017 5.78 0.017 7.52 0.007 2.57 0.11 2.55 0.11

Time  
×area 1 0.01 0.91 0.01 0.917 0.18 0.67 0.26 0.61 0.04 0.85

Status  
× time  
× area 1 0.09 0.76 0.5 0.482 0.04 0.83 0.31 0.58 0.00 1.00

block 1 3.02 . 5.41 . 2.58 . 7.84 . 4.36 .
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Figure 6.13: Density of  lobsters as a function of  distance from the centre of  the Kingston Reefs Marine 
Sanctuary.  1=centre of  sanctuary zone, 4=most distant non-sanctuary area.  2 & 3, boundary zones 
inside an outside the sanctuary respectively.

Fish

Pooled densities of  all fishes recorded during UVC were significantly higher in the sanctuary 
(ANOVA: F = 7.66, P = 0.05). Fish were approximately twice as abundant inside the sanctuary 
(40.9 individuals∙transect ± 4.17, mean ± se) than outside (20.4 ± 2.36). Densities of  the five 
species of  fishes that were observed to prey on sea urchins were also significantly higher 
inside the sanctuary (ANOVA: F = 11.12, P = 0.03), being approximately twice as abundant 
inside (2.9 ± 0.42) than outside (1.4 ± 0.41).

Video methods yielded a significant difference in the relative density of  one key target species 
Glaucosoma hebraicum (ANOVA: F = 4.53, P = 0.04), but not a second species Epinephelides 
armatus (ANOVA: F = 0.56, P = 0.46). Relative density of  G. hebraicum was ten times more 
abundant in the reserve (MaxN = 0.3) than in fished areas (MaxN = 0.03). Biomass of  both 
these species was significantly higher inside the reserve (ANOVA: F > 4, P < 0.05 in each 
case). Some bycatch species, including terminal phase Ophthalmolepis lineolatus, and 
Meuschenia hippocrepis were found in significantly greater relative densities within the reserve 
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(ANOVA: F > 4, P < 0.05 in each case), with these patterns also reflected by a greater biomass 
(ANOVA: F > 7, P < 0.01 in each case).

Sea urchins were typically present in low densities (<1 ∙ 5m-2). Densities of  the two 
main species of  sea urchins (the purple sea urchin H. erythrogramma and the grey sea 
urchin C. tenuispinus) differed significantly between the sanctuary and fished ‘zones’ (H. 
erythrogramma: F = 14.97, P = 0.003; C. tenuispins: F = 15.77, P = 0.003). Densities of  H. 
erythrogramma were significantly lower inside the sanctuary (Fig.  6.14), consistent with the 
pattern expected if  predators were influencing abundance. However, C. tenuispinus showed 
the opposite pattern, as densities were significantly higher inside the sanctuary (Fig. 6.14).

Rates of  predation on both species of  sea urchins were significantly higher inside the 
sanctuary than outside (H. erythrogramma: Deviance = 5.51, P = 0.02; C. tenuispinus: 
Deviance = 21.03, P = <0.01). Tethered C. tenuispinus were 8.0 times more likely to survive 
outside the sanctuary than inside, while H. erythrogramma were 2.7 times more likely to survive 
outside the sanctuary than inside.
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Figure 6.14: Abundance of  the two main species of  sea urchins, and of  turbinid gastropods (± SE, n=30) 
inside and outside (Fished) the Kingston Sanctuary.

There was significant spatial variation in the species composition of  reef  algae at Rottnest 
island, but these spatial patterns explained little of  the overall spatial variation (Global R = 
0.173, P = 0.007). There was no significant overall difference in macroalgal composition 
between sanctuary and fished areas (Global R -0.552, P = 1.00). This result is visually evident 
in Fig. 6.15 in that quadrats from sanctuary and fished areas are well intermingled. There was 
significant clustering present within the data, but this compositional similarity, that corresponds 
to previously described habitats types that occur in patches on reefs throughout the region, 
was not spatiall correlated with conservation status. 
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Figure 6.15: Non-metric multidimensional scaling ordination of  sites at Rottnest Island based on species 
composition of  assemblages of  reef  algae. There was no significant pattern related to conservation 
status, however there was significant clustering due to the presence of  patches dominated by 
characteristic algal taxa E: Ecklonia; S: Sargassum, T: “turf”. The lines constrain clusters of  quadrats with 
similarity values greater than 30%. n = non-sanctuary, s = sanctuary.

Discussion

SRFME research on benthic ecosystem dynamics incorporated the first quantitative, broad-
scale investigations of  the effects of  several key ecological processes on the reef  benthos of  
south-western Australia. Key general findings were that spatial gradients in wave exposure 
were significantly correlated with spatial patterns in the species richness and composition of  
macroalgae, that the rates of  some ecological processes and the abundances of  some fauna 
vary significantly between inshore and offshore reefs, and that consumers (including humans) 
might exert a significant influence on some reef-associated biota.

Physical disturbance by waves and cross-lagoon patterns in 
benthic patterns and processes

Using a model-based index of  disturbance by wave action, we found evidence that biodiversity 
in assemblages of  reef  algae might be related to wave disturbance. Number of  species per 
quadrat was highly correlated with orbital wave energy, and much of  the variance in species 
composition could be explained by orbital wave energy. Wave energy decreases as waves 
are attenuated and diffracted by reefs, and this relationship provides another key explanatory 
variable that we used to test some aspects of  assemblage structure. Importantly, accumulated 
wave exposure over an 8 year period provided a significantly better explanation of  species 
patterns (number of  species per quadrat) than wave energy over a single year (P. England 
unpublished data). This suggests that species richness of  macroalgae might be the result of  
integration of  processes occurring over years, as well as short-term responses to disturbance.
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The consequences of  wave action for an individual alga include detachment from the substrate 
on that it grows. Our research showed that, once detached, kelps may drift for many kilometres. 
Substantial accumulations of  detached reef  algae occurred at an inshore reef, coinciding 
with high densities of  sea urchins, that mainly eat detached fragments of  algae (Vanderklift & 
Kendrick 2005). Analyses of  the morphology of  individual kelps at this location indicate that 
a large proportion originate from the reefs several kilometres further offshore. A similar result 
was found by Kirkman & Kendrick (1997), who calculated that 78% of  Ecklonia radiata tagged 
in Marmion Lagoon had been transported distances greater than 2 km. These results indicate 
that there are large-scale trophic linkages across the lagoon that are a result of  wave action, 
and they imply even longer distance transport of  this primary production both into and out of  
this area.

These linkages might have profound implications for how these ecosystems function at broad 
scales. For example, differences between inshore and offshore reefs were observed for 
densities of  sea urchins (higher densities inshore) and grazing on drift kelp by sea urchins 
(higher inshore). This overall trend might be a result of  the gradient in wave action as well as 
gradients in other ecological processes that occur due to physical disturbance by waves such 
as detachment and export of  reef  algae. Our measurements of  rates of  urchin recruitment 
to collectors indicated that while rates were higher inshore, they were highly variable. This 
suggests that densities of  adult urchins inshore did not seem to be due to higher recruitment, 
but to the higher availability of  food (drifting fragments of  algae) and adult mobility.

Trends for primary productivity of  Ecklonia were not consistent with predictions from the C:N 
ratios of  Ecklonia radiata tissue (high C:N ratios indicate lower levels of  available nitrogen).  At 
a regional level, direct and indirect methods of  estimating primary production (i.e. tagging of  
individual kelp and estimates based on biomass, respectively) indicated that productivity was 
greater at Jurien than in the Perth Region.  In addition both methods found that productivity 
was higher offshore at Jurien, but not in the Perth Region. These results suggest that nitrogen 
per se might not be limiting for growth of  macroalgae on this coast since these patterns are 
directly opposite to the C:N trends found in Ecklonia plants from these sites (see Chapter 5). 
The C:N values were far lower at Perth, than at Jurien — yet standing biomass (and most likely 
production; Coppertino et al 2005) was higher at Jurien.  In addition, C:N ratios of  kelps from 
both regions were lower inshore than offshore — yet production tended to be higher offshore, 
at least at Jurien.  The most common paradigm for marine algae of  all types is that their 
growth is nitrogen limited, yet our data contradict this assumption.  The idea that availability of  
nitrogen might not be limiting growth of  macroalgae requires investigation, and other potential 
influences on the rate of  N uptake, such as light availability, and the role of  wave-driven 
turbulence, must also be investigated.

Little of  the Ecklonia primary productivity was directly consumed. The only direct grazing was 
by herbivorous fish. However, densities of  herbivorous fish, and rates of  grazing by herbivorous 
fishes, varied from reef  to reef, and showed no broad trends. The highest rates of  consumption 
of  tethered kelps were on drifting fragments, and this was mainly due to sea urchins. This 
suggests that detached macroalgae play a key role in sustaining reef  food webs. Together with 
observations that detached macroalgae are important in seagrass and intertidal habitats in the 
region (Lenanton & Caputi 1989, Wernberg et al. 2006), this further suggests that the importance 
of  detached macroalgae in sustaining coastal food webs is prominent on this coast.

Trophic interactions and the potential for ‘top-down’ control of reef assemblages

Humans can exert a strong influence on the structure of  communities through harvesting 
of  key species. For example, in several parts of  the world, hunting and fishing has reduced 
predators of  sea urchins to ecologically trivial abundances, resulting in increases in sea urchin 
abundance, followed by landscape-scale decreases in canopy-forming primary producers 
due to grazing (Babcock et al. 1999, Estes et al. 2004). Similar processes are possible in WA, 
and are a potential explanation for variation in the structure of  assemblages of  reef  algae. 
SRFME research included the first assessment of  the effects of  a 16-year fishing closure (the 
Kingston Sanctuary at Rottnest Island) on assemblages of  fish and invertebrates. Researchers 
found that the overall abundance of  fish, abundance of  predatory fish and western rock lobster 
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(Panulirus cygnus) was higher inside the Kingston Sanctuary than at adjacent fished reefs. For 
fish the research found significant differences for two popular angling species and four by-
catch species, while some bycatch species showed opposite patterns.

These differences in abundances of  predatory fishes and lobsters were also reflected in 
patterns of  predation on small and medium size invertebrates. The intensity of  predation on 
tethered sea urchins was higher in the sanctuary. Thus the observed patterns in the relative 
rates of  key processes were as expected given the differences in predator density.  However, 
there were no simple trends in the abundances of  prey: the abundance of  prey species.  
One species of  sea urchin (H. erythrogramma) was found at lower in the area protected 
from fishing, consistent with the pattern predicted if  predation was a strong influence, but 
the abundance of  a second species (C. tenuispinus) was higher in the area protected from 
fishing. Given the ambiguous findings for urchins, and the fact that H. erythrogramma is mainly 
a drift feeder (Vanderklift and Kendrick 2005), it is perhapst to be expected that there was no 
evidence of  trophic cascade effects on algae occurring as a result of  lower abundances of  
predators, with assemblages of  macroalgae showing no difference in structure between the 
sanctuary and fished areas.  

The experiments and observations at Kingston sanctuary were a complement to previous 
experiments that also addressed the potential for grazing urchins to influence benthic 
community structure.   Even when densities of  urchins were greatly increased above ambient 
densities, there was no measurable effect of  urchins on benthic algal communities (Vanderklift 
and Kendrick 2005). This might be because the prominent herbivores in the system, sea 
urchins, rely on drifting macroalgae rather than attached macroalgae for food. In contrast 
the correlation between wave energy and both number of  algal species per quadrat and 
community structure (Chapter 5) plus the heterogenous (patchy) nature of  macroalgal 
assemblages suggests that physical disturbance may have stronger or much more pervasive 
and important influences on benthic communities than do top down effects resulting from 
variations in predation.  Curiously, bottom-up effects (supply of  nutrients) also appear to have 
less influence on the structure of  benthic assemblages than might be predicted in what has 
been assumed to be a nutrient limited coastal ecosystem.  The dynamics of  patches and the 
influence of  varying nutrient availability require more detailed investigation before we can be 
certain of  how these factors interact with the dynamics of  WA coastal ecosystems.  
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