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EXECUTIVE SUMMARY 
 
Seagrasses form important benthic habitats in Cockburn Sound, supporting a rich 

variety of fauna and providing important ecosystem services. Up to 80% of seagrasses 

were lost in Cockburn Sound as a result of poor water quality between the 1960s and 

1980s. Since then, water quality conditions have improved considerably, yet seagrass 

decline has continued in some areas within Cockburn Sound and in neighbouring 

Warnbro Sound. In other seagrass ecosystems where seagrasses decline in spite of 

good conditions in the water column, sediment stressors such as sulfide intrusion have 

been known to contribute to seagrass loss. This project investigated environmental 

drivers that could be contributing to continued decline of seagrasses in Cockburn and 

Warnbro Sounds, with a focus on sediment stressors that are known to have 

contributed to seagrass declines elsewhere. Seagrass (Posidonia sinuosa), sediment, 

and water quality parameters were measured at several sites from the long-term 

CSMC seagrass monitoring project in Cockburn and Warnbro Sounds that showed 

continued seagrass declines, and compared to new sites in Owen Anchorage that are 

not experiencing declines. 

 

Sites that previously had shoot declines also had low biomass in this project, but 

differences in water quality parameters such as light, temperature, or dissolved 

oxygen between sites could not explain this. However, sites with high rates of 

seagrass decline did have the highest rates of sulfide intrusion from sediments into 

seagrass tissues. The intrusion of sulfides from sediments is potentially toxic to 

seagrasses, and may be contributing to continued declines in seagrass shoot density in 

spite of improved water quality in the study area. Sulfide intrusion was particularly 

high in Warnbro Sound, potentially driven by the low light availability in this area 

preventing seagrasses from oxygenating sediments. Seagrass biomass was also 

negatively correlated with cadmium concentrations within the plants. Cadmium 

uptake in terrestrial plants can interfere with uptake of sulfides, but further research is 

required to determine if similar effects are present in seagrasses that could be 

contributing to declines. We recommend that future projects further examine the 

potential for sulfide intrusion to be driving seagrass declines in Cockburn Sound. In 

particular, determining the environmental conditions that leave seagrasses in 
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Cockburn Sound vulnerable to sulfide intrusion will allow predictions about the areas 

and times most at risk of declines.  
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1. BACKGROUND 

1.1 Sediments and seagrass dieback 

Seagrass diebacks threaten the substantial ecological and economic services that 

seagrass meadows provide.  Seagrass loss has historically been linked to reduced 

water quality driven by disturbances such as coastal development and nutrient inputs.  

These disturbances reduce light availabilities through inputs of fine sediments or by 

allowing the sudden growth of algal blooms.  Given that seagrasses require relatively 

high light concentrations, reduced light availability can lead to sudden seagrass 

dieback events (Cambridge & McComb, 1984; Kendrick et al., 2002).  However, 

there are several examples of sudden seagrass diebacks in areas where water quality is 

good (Borum et al., 2005; Greve et al., 2005; Borum et al., 2013).  Further, seagrass 

decline has continued in previously degraded systems after water quality has been 

restored to previous conditions. This suggests that other environmental factors likely 

play an important role in seagrass declines. Where water quality is improved but 

seagrass declines continue, belowground stressors likely drive the seagrass decline or 

lack of recovery, yet our knowledge of the ecophysiological impacts of such stressors 

on seagrasses are limited. 

 

1.2 Sulfide intrusion as a driver of seagrass dieback 

Seagrasses, like wetland plants, have a range of adaptations that allow survival of 

tissues in sediments with low oxygen concentrations.  However, the survival of 

seagrass growing in low oxygen sediments is fundamentally dependent on adequate 

transport of O2 to belowground tissues.  Where shoots cannot supply sufficient O2 to 

roots/belowground tissues, anoxia can develop in below-ground tissues. Anoxic 

conditions influence the metabolism of the seagrasses resulting in poor energy 

availability and may cause invasion of toxic sulfide from the sediment (Figure 1).   

The extent of oxygen deficiency and sulfide toxicity in seagrasses is strongly 

dependent on interactions with other physio-chemical conditions.  In sediments, an 

increase in sedimentary organic matter (OM) decreases oxygen availability and 

increases sulfide reduction through enhanced rates of microbial activity, thereby 

increasing the susceptibility of seagrasses to sulfide intrusion (Holmer et al., 2006; 

2009).  Elevated OM has been hypothesised as a driver of increased sulfide intrusion 
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in temperate WA seagrasses including Posidonia sinuosa at Two Peoples Bay and 

Woodman Point (Holmer & Kendrick, 2013). Conversely, the presence of iron in 

sediments promotes the formation of iron-sulfide compounds like pyrite, reducing the 

possibility of sulfide intrusion into seagrass tissues (Erskine & Koch, 2000; 

Cambridge et al., 2012).  Understanding differences in the composition and chemical 

nature of sediments will assist in identifying seagrass meadows that may be at greater 

risk of dieback from sulfide intrusion. 

 

 
Figure 1 Conceptual model of sulfide intrusion into sediments. Sulfur compounds are prevalent in 
marine environments, primarily as sulfate (SO4

2-) in oxygenated sedeimtns and the water column, or 
hydrogen sulfide (H2S) in anoxic conditions. When oxygen concentrations are low, H2S concentrations 
can build up in sediments. Where H2S concentrations increase and seagrasses cannot oxygenate 
surrounding sediments, seagrasses can be vulnerable to intrusion of H2S initially into roots before 
being transported to the rest of the plant. The decomposition of organic matter (OM) in sediments can 
increase H2S  and decrease O2, increasing the likelihood of sulfide intrusion. 
 

The susceptibility of seagrass meadows to dieback resulting from sulfide intrusion is 

also temporally variable.  Dieback resulting from sulfide intrusion is often associated 

with periods of high temperatures and calm weather through reduced oxygen 

availability.  High water temperatures increase microbial mineralization in sediments, 

decreasing the availability of oxygen (Koch et al., 2007).  Calm water periods prevent 

reoxygenation of overlying waters, further decreasing oxygen availability.  Given that 

seagrasses are most at risk of sulfide intrusion during periods of low oxygen 
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availability, periods of warm and calm weather can therefore lead to seagrass decline.  

Seagrasses are only vulnerable to sulfide intrusion during periods of low light 

availability.  During the day, they can provide oxygen derived from photosynthesis to 

belowground tissues when there is adequate light availability.  However, at night the 

water column is the only source of O2, as internal seagrass reservoirs can only provide 

adequate O2 for respiration for 1h (Sand-Jensen, 2005).  Consequently, seagrasses are 

particularly at risk to O2 deficiency and sulfide intrusion on nights where the water 

column has low O2 concentrations, underlining the importance of monitoring physical 

conditions and seagrass responses over diel cycles.  The temporal variability in the 

susceptibility of seagrasses to sulfide intrusion underlines the need for in situ 

monitoring of physical conditions using data loggers instead of episodic once-off 

measurements.   

 

1.3 Sediments as accumulators of metals 
Anthropogenic pollutants such as metals have previously been implicated as drivers 

of seagrass declines, particular in areas adjacent to coastal development (Macinnis-Ng 

& Ralph, 2002).  Seagrasses can take up numerous metals from the water column 

through leaves, or from sediments through root uptake.  After inputs decline, tides or 

other hydrodynamic forces can remove pollutants over relatively short time scales 

(days-weeks).  However, pollutants in sediments can remain present for longer (years-

decades) where mobility of the pollutants is limited.  As such, metals may impact 

seagrasses even after inputs have ceased.  Following uptake, metals can have varying 

impacts on seagrass physiology and health.  For example, seagrasses exposed to Cu 

and Zn show decreased photosynthetic efficiency (Macinnis-Ng & Ralph, 2002), 

while Cu, Zn, and Cr addition decreased leaf cell viability (Malea et al., 2013). Most 

experiments examining seagrass responses to metals involve exposing seagrasses to 

acute disturbances with high concentrations of metals.  However, long-term exposure 

to metals at slightly elevated concentrations may also decrease seagrass health, or 

lower seagrass resilience to other stressors. 

 

1.4 Are sediments driving seagrass decline in Cockburn Sound? 

The widespread (~80%) loss of seagrass in Cockburn Sound between the 1960’s and 

1980’s was primarily attributed to low light availability driven by industrial inputs 
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that lowered water quality.  As such, subsequent management projects have 

emphasized pressure response models linking seagrass loss with water quality.  Since 

the 1980’s, water quality has considerably improved in Cockburn Sound and, in 

general, meets all environmental quality guidelines.  A monitoring program has been 

in place since 2003 examining seagrass meadows and adjacent water quality in 

Cockburn Sound and the neighbouring Warnbro Sound (as a reference location).  

There has been a significant long-term decrease in seagrass density at some sites in 

Cockburn and Warnbro Sounds within the monitoring program, even though the 

majority of sites meet all targets for a range of environmental parameters including 

water quality (Mohring & Rule 2013).  The decline in seagrass is patchy across the 

area, with sites around Garden Island and reference sites in Warnbro Sound showing 

the greatest rates of decline (Mohring & Rule, 2014). The juxtaposition between 

improved water quality but continued seagrass decline suggests that the current 

pressure response pathway must be modified to account for other drivers of seagrass 

loss. 

 

Widespread seagrass loss would have led to increased organic matter entering 

sediments in depositional environments (like Warnbro Sound).  These organic matter 

inputs would alter oxygen and nutrient availability in sediments, potentially resulting 

in ‘legacy problems’ that prevent seagrass recovery even after initial drivers of loss 

are mediated.  Further, historical pollutants entering the system contained high 

concentrations of various metals, resulting in elevated concentrations in sediments, 

seagrass, and benthic fauna (Talbot & Chegwidden, 1982; 1983).  Mohring and Rule 

(2013) note that legacy problems may be maintaining seagrass declines in the system, 

and require further investigation.  

 

1.5 Dissolved oxygen within Cockburn Sound 

Dissolved oxygen has been monitored as part of Cockburn Sound monitoring 

program. Recent monitoring has shown dissolved oxygen was usually above 90%, 

with EQC’s normally being met and EQS’s always being met across the majority of 

the Sound. DO in southern sections of Cockburn Sound are sometimes below 90%, 

but are always above the environmental quality standard of 60% air saturation.  

However, this was calculated using weekly measurements during a limited period of 
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the year (December – March).  In addition, these measurements were taken during 

single weekly visits to sites, and would not include diel variations in DO 

concentrations.  Department of Water measurements in April 2014 noted a significant 

low dissolved oxygen event that kept the rolling 7-day median below 51% saturation 

for several consecutive days (Mohring & Rule, 2013).  These values included 

nighttime measurements – particularly important as it is low oxygen availability at 

night that would be most damaging to seagrasses.  As such, periods of low O2 

availability that would be missed in the monitoring program may be an important 

contributor to the continued seagrass decline in Cockburn and Warnbro Sounds. 

 

1.6 Aims 

The aim of this project was to evaluate the potential drivers of seagrass decline across 

Cockburn and Warnbro Sounds.  We focus on Posidonia sinuosa – the major meadow 

forming species in this area.  Specifically, we focused on the potential role of 

belowground stressors on P. sinuosa meadows across the region. We hypothesised 

that: 

•   Seagrass biomass would be lowest at sites that had been identified as ‘high-

risk’ in previous CSMC reports, showing patterns in biomass match observed 

shoot density declines 

•   Sulfide intrusion from sediments into seagrass leaves (measured by 34S) would 

be greatest at sites with higher sediment OM concentrations 

•   Sites close to areas with previously development would show elevated metal 

concentrations in sediments and seagrass tissue 

•   Sulfide intrusion from sediments would be greatest at sites with highest rates 

of seagrass decline 

 

 

  



COCKBURN/WARNBRO SOUND SEAGRASS DECLINE     
 

9 

2. Methods 

2.1 Study Sites and experimental design 

Twelve sites were visited across the study area between March-June 2015 – four in 

Cockburn Sound/Woodman Point, four in Warnbro Sound, and four around Garden 

Island (Figure 2).  Ten of the sites were chosen as they were sites from the annual 

CSMC monitoring program where seagrass decline had been noted (Mohring & Rule, 

2013; 2014).  The remaining two sites (at Woodman Point and Owen Anchorage) 

were selected to determine their potential to use as new reference sites, given the 

decline of seagrass at Warnbro Sound reference sites.  Posidonia sinuosa was the 

dominant seagrass species at all sites. Sites were classified into the following groups 

based on previous data on shoot declines from the 2014 CSMC monitoring project 

(Mohring & Rule, 2014): 

 

•   Red sites – Highly significant shoot decline (p<0.05); Warnbro Sound 

2,3,5,7m, Garden Island 3,5m 

•   Orange sites – Moderately significant shoot decline (p<0.2); Garden Island 

2,7m, Kwinana, Jervoise 

•   Green sites – No known seagrass decline, potential new reference sites; Owen 

Anchorage (6m) and Woodman Pt (3m) 

 

 

With each site, three 20cm x 20cm quadrats were set up.  During the initial visit to 

each site, all P. sinuosa within each quadrat was marked for productivity using a 

standard hole punching technique (Short & Duarte, 2001).  Sites were then revisited 

four weeks later, where quadrats with hole punched seagrasses were completely 

extracted using a 25-cm corer.  Seagrasses were bagged, stored on ice and transported 

to the laboratory for analysis.  In addition, approximately 50 ml of sediment adjacent 

to each quadrat (surficial sediment to 10 cm) was collected using a 50ml syringe with 

a cut-top.  Sediments were transferred to 50 ml plastic tubes, stored on ice, and 

transported to the laboratory for analysis. 
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Figure 2: Map showing study site of locations.  WS=Warnbro Sound, GI = Garden Island.  Sites are 
colour coded based on CSMC status: Red = extensive shoot decline; Orange = moderate shoot decline; 
Green = potential new reference sites. 
 

 

2.2 Water quality and sediment characteristics 

Hobo® Microstation light loggers deployed at several sites to assess potential 

differences in light availability in different locations.  Light loggers were deployed for 

one month at Owen Anchorage (6m), Woodman Point (3m), Garden Island 2m and 

7m, and Warnbro Sound 5m. Light loggers were set to record photosynthetically 

active radiation (PAR) every 1 minute. 

 

YSI ® Exo CTDs were deployed for four weeks at 4 sites (Kwinana, Owen 

Anchorage 6m, Garden Island 5m, and Warnbro Sound 5m) to assess dissolved 

oxygen, pH, salinity, temperature, and depth in the water column. Exo loggers 

recorded these water column measurements every 5 minutes for the duration of the 

study period, and were secured on star pickets 20 cm above the bottom. Sites for 

water quality characterisation were chosen to encompass a range of depths and 

previous seagrass declines across Cockburn and Warnbro Sounds. 
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Organic matter content of sediments was determined by the difference in sediment 

weight after combustion of samples at 550°C for 8 hours (Fourqurean et al., 2012). 

Phosphorus content of sediments was determined using a dry-oxidation acid-

hydrolysis method (Solórzano & Sharp, 1980) at the University of Western Australia. 

 

2.3 Seagrass biomass and productivity 

Numbers of shoots within each quadrat (after extraction) were counted to determine 

shoot density.  Adherent epiphytes and sediments were removed from seagrass leaves 

by gently scraping with a razor blade.  Seagrasses were then sorted into leaves, 

rhizomes, and roots, dried at 60°C and weighed for biomass.  Distance of the hole-

punch above leaf sheaths was also recorded on all seagrass leaves, and converted into 

seagrass productivity per day (averaged over 1 month).  Dried seagrass tissues were 

then ground finely using a ball mill for carbon (C), nitrogen (N), phosphorus (P) and 

sulfur (S) analysis, or mortar and pestle for metal analysis.   

 

2.4 Seagrass total sulfur and δ34S isotope ratios 

Ground leaf, root, and rhizome samples were weighed into tin capsules together with 

vanadium pentoxide and analyzed by elemental analyzer combustion continuous flow 

isotope ratio mass spectroscopy (EA-C-CF-IRMS) at Iso-analytical, United Kingdom. 

The stable isotopic signatures were reported in standard delta notation (units per mill, 

‰) as:  

δ34S = [(Rsample / Rstandard)-1] x 1000  

where R = 34S/32S. The international standard for δ34S is the Canyon Diablo Troilite 

(CDT) a meteorite of FeS used as a standard zero point for expression of sulfur 

isotopes.   

Average δ34S values can provide an indication of the relative intrusion of sulfides 

from sediments compared to sulfates from the water column. More negative δ34S 

values indicate a higher contribution of sulfides from sediments (sediment average: -

15‰ to -25‰), while a more positive value indicates that sulfate from the water 

column is dominant S source for the plant (seawater average: +21‰). 

 

2.5 Seagrass CNP content 
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Carbon, nitrogen, δ13C and δ15N content of seagrasses was determined by combusting 

20mg of dried leaf material in a Automated C/N Analyser-Mass Spectrometer 

consisting of a 20/22 mass spectrometer connected to a ANCA-S1 preparation system 

(Sercon, UK) at the Western Australian Biogeochemistry centre. All samples were 

standardised using multi- point normalisation against a secondary reference of Radish 

collegate (3.167% N, δ15N 5.71%, 41.51% C, δ13C 28.61), which was in turn 

standardised against primary analytical standards (International Atomic Energy 

Agency (IAEA) Vienna) (Paul et al., 2007). The external error of analyses (one 

standard deviation) was no more than 0.1 for C:N ratio, 0.15% for δ13C, and 0.3% for 

δ15N.   

 

2.6 Seagrass and sediment metal content 

Elemental analysis of sediment and seagrass rhizome extracts (Cd, Cr, Fe, Mn, Zn for 

seagrass, Cd, Cr, Fe, Mn, Zn, Cu for sediment) were performed on a PerkinElmer 

optima 5300DV inductively couple plasma optical emission spectrometer (ICP-OES) 

at the University of Western Australia.  Sediment extracts were prepared by shaking 

5g of sediment with 45ml 0.05M EDTA solution (Leleyter et al., 2012).  Seagrass 

extracts were prepared by digesting 0.3g of seagrass rhizome using a conc. 

HNO3/H2O2 digest (Wheal et al., 2011). 

 

2.7 Statistical analysis 

Linear regressions were used to determine relationships between seagrass biomass, 

seagrass S and δ34S content, seagrass C/N/P ratios, and seagrass metal concentrations. 

In addition, linear regression was used to investigate relationships between sediment 

OM/metal content, and seagrass biomass and seagrass elemental content. Differences 

in water column, sediment, and seagrass parameters between sites were investigated 

using ANOVA. Data were square-root transformed where assumptions of 

heterogeneity were not met.  All statistical analysis was performed using R version 

3.2.2 (R Core Team, 2014). 

 
3. RESULTS 
3.1 Water quality and sediment characteristics 

Photosynthetically available radiation (PAR) followed similar patterns across the 

study location (Table 1, Figure 3), though deeper sites tended to have lower mean and 
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maximum values.  PAR was greatest at Garden Island 2m (Average = 70 μ Em-2 s-1, 

Maximum = 2391 μE m-2 s-1), but decreased substantially at Garden Island 7m 

(Average = 48 μE m-2 s-1, Maximum = 1021 μE m-2 s-1).  The maximum PAR at 

Warnbro Sound 5m was 553 μE m-2 s-1, almost 50% lower than any other maximum 

PAR value in the study. 

 

 
Figure 3: Photosynthetically active radiation (PAR) from five site across study area.  Green = 
Woodman Point, Dark blue = Owen Anchorage, Red = Garden Island 2m, Light blue = Garden Island 
7m, Pink = Warnbro Sound 5m. 
 
 

Dissolved oxygen was relatively stable across the study location, showing diel 

patterns across all sites (Table 2, Figure 4).  Owen Anchorage had the lowest average 

dissolved oxygen concentrations (6.85 mg/L, 93% air saturation), and also had the 

lowest minimum dissolved oxygen concentrations (4.17 mg/L, 58% air saturation).  

Average dissolved oxygen concentrations were above 6.5 mg/L (88% air saturation) 

at all other sites, with minimum dissolved oxygen concentrations above 5.5 mg/L 

(78% air saturation). Temperatures gradually decrease during the study period (late 

summer – early spring).  Average salinity was greatest at Owen Anchorage (36.6‰), 

and lowest at Garden Island (34.4‰). 
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Figure 4: Water column conditions across selected study sites.  Sea surface temperature (top), 
dissolved oxygen (middle), salinity (bottom) at four locations.  Blue = Owen Anchorage, Green = 
Kwinana, Red = Garden Island 5m, Light blue = Warnbro Sound 5m. 
 

 

Sites in Warnbro Sound had the highest OM content in sediments (3.16%), likely 

representing the depositional nature of this site (Table 5).  Mean sediment P 

concentrations were similar across the sites, ranging from 0.25 mg g-1 at Owen 

Anchorage to 0.45 mg g-1 at Kwinana. 

 

3.2 Seagrass shoot density, biomass, and productivity 

Shoot densities were consistently lower at sites classified as ‘red’ based on shoot 

density measurement in 2014 CSMC seagrass monitoring (Table 3, Figure 5).  Shoot 

density was lower in Warnbro Sound than in any other location, with a minimum of 

300 shoots m-2 at Warnbro Sound 3m and maximum of 2050 shoots m-2 at Garden 

Island 2m.   
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Figure 5: Seagrass shoot density (a), leaf biomass (b), rhizome biomass (c), and root biomass (d) 
across the study area.  Bars show mean biomass values across differing numbers of replicates (n=3 for 
Jervoise and Kwinana, n=6 for Owen Anchorage and Garden Island, n=12 for Warnbro Sound. These 
are summarised data including multiple replicates across different sites for Garden Island, Owen 
Anchorage and Warnbro Sound; for full site data see Table 3. Error bars show ±1 s.e.  Red = previous 
high declines in shoot density; Orange = previous moderate declines in shoot density; Green = no 
known shoot density decline. 
 

 

Seagrass biomass followed a similar pattern, with leaf, root, and rhizome biomass all 

lowest at Warnbro Sound sites. Leaf and root biomass were also relatively low at 

impacted ‘red’ sites adjacent to Garden Island (GI3 and GI5), though rhizome 

biomass remained high at these sites (Figure 5).  Epiphytic biomass showed no 

difference between sites. Productivity was similar across all sites, despite the 

differences in biomass and shoot density (Table 3). 
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Figure 6: Seagrass sulfur isotope composition (δ34S) values in leaves (a), rhizomes (b) and roots (c) 
across Cockburn/Warnbro Sound.  Bars show means (n=12), error bars show ±1 s.e.  Red = previous 
high declines in shoot density; Orange = previous moderate declines in shoot density; Green = no 
known shoot density decline. 
 
3.3 Seagrass total sulfur and δ34S isotope ratios 

Leaf [S] showed no difference between sites, ranging from 0.17% to 0.22% (F11,24 = 

1.1, p = 0.39, Table 4).  However, rhizome [S] was significantly higher in sites at 

Warnbro Sound (F11,24 = 6.4, p < 0.001), particularly at WS 2m (Table 4).  Root [S] 

was significantly different between sites (F11,24 = 2.5, p = 0.03) and tended to be 

higher at Warnbro Sound sites, with highest concentrations found at WS 3m. Seagrass 

leaf, rhizome and root [S] in Cockburn/Warnbro Sound tended to be lower than 

comparable measurements of P. sinuosa in SW Australia estuaries (Holmer & 

Kendrick, 2013), though root [S] values at WS 3m were greater. 
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Seagrass δ34S values showed distinct differences across Warnbro/Cockburn Sound 

(Table 4. Figure 6). Leaf (F11,24 = 29.6, p < 0.001), rhizome (F11,24 = 10.4, p < 0.001), 

and root (F11,24 = 7.2, p < 0.001) δ34S were significantly different between sites. All 

δ34S  measurements were lower at Warnbro Sound Sites compared to Cockburn 

Sound and Garden Island sites, suggesting higher intrusion of sediment sulfides at this 

site (Figure 6, Table 4).  Garden Island sites had depleted δ34S values relative to other 

sites in Cockburn Sound, suggesting seagrasses in this area have a higher incidence of 

sulfide intrusion.  Leaf, rhizome, and root δ34S was depleted relative to P. sinuosa 

from SW Australia (Holmer & Kendrick, 2013), P. australis collected in Shark Bay 

(Cambridge et al., 2012), and global averages for all seagrass species (Holmer & 

Hasler-Sheetal, 2014).  Such depleted δ34S suggest high intrusion of sulfides from 

sediments into seagrasses in Warnbro Sound and, to a lesser extent, Garden Island. 

 

Root δ34S values across Warnbro/Cockburn Sounds was positively correlated to Fe 

concentrations in sediments (R2 = 0.14, p = 0.01, Figure 7a), while rhizome δ34S 

values were positively correlated to rhizome [Fe] (R2 = 0.13, p = 0.04,n=36, Figure 

7b). There was no relationship between sediment OM and δ34S in leaves (R2 = 0, p = 

0.8, n=36), rhizomes (R2 = 0.02, p = 0.4, n=36), or roots (R2 = 0.03, p = 0.28, n=36). 

 

3.4 Seagrass CNP content 

Seagrass C content was relatively uniform across the study area (Table 5).  Seagrass P 

content were highest at sites around Garden Island , with highest mean concentrations 

at GI2 and GI7 (0.15% d.w, Table 5).  There was no correlation between sediment 

and seagrass P content (R2 = 0.04, p = 0.23, n=36).  C/P (F11,24 = 2.4, p <0.04), and 

N/P (F11,24 = 5.9, p <0.0001) ratios in seagrass leaves were significantly different 

between sites (Table 5).  Seagrass C/P and N/P ratios were lowest at Garden Island 

sites, indicative of higher P availability at sites around Garden Island.  δ15N in 

seagrass leaves was lower at Warnbro Sound than other sites, potentially indicating 

differences in nutrient sources to the two embayments. 
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Figure 7: Scatterplots showing relationship between root sulfur isotope composition (δ34S) vs. 
sediment Fe concentrations (a), and rhizome sulfur isotope composition (δ34S) vs. rhizome Fe 
concentrations (b). Dashed line shows linear relationship, grey outline shows 95% confidence interval.  
Red = extensive shoot decline; Orange = moderate shoot decline; Green = potential new reference 
sites. 
 

3.5 Sediment metal content 

Sediment metal concentrations showed varying patterns between sites (Table 6).  

Sediment [Cd] was rarely above detectable levels, while sediment [Fe] was similar 

between sites across all locations.  Sediment [Mn] was highest in Kwinana and deep 

WS sites, while sediment [Cu] was lowest at Warnbro Sound 5m and Warnbro Sound 

7m.  Sediment [Cr] concentrations were elevated in shallow WS sites.  Sediment [Zn] 

concentrations were significantly highest at Kwinana (> 5ppm), Owen Anchorage, 

and Woodman Point, and <2 ppm at all other sites.  All sediment metal concentrations 

were lower in this study than in levels recorded in Cockburn Sound in the 1980s 
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(Talbot & Chegwidden, 1983).  No sediment metal concentrations were significantly 

correlated to seagrass shoot density (all p > 0.05, n=36). 

 

3.6 Seagrass metal content 

Of the metals examined in seagrass rhizomes in this study, Zn concentrations were 

highest (Table 7). Rhizome [Zn] differed across the study area (F11,22 = 7.5, p < 

0.0001) and was significantly higher at sites adjacent to Garden Island, primarily 

driven by high concentrations at GI 2m and GI 7m. Rhizome [Zn] were higher at all 

sites relative to rhizome [Zn] sampled from Cockburn Sound in 1977 (Talbot & 

Chegwidden, 1982) and from Posidonia oceanica in the Mediterranean Sea (Tovar-

Sánchez et al., 2010). 

 

Rhizome [Fe] showed no strong patterns between sites.  Highest rhizome [Fe] were 

present at GI 7m, Kwinana, and Owen Anchorage, while the lowest rhizome [Fe] 

were found at WS2 and WS3.  Rhizome [Fe] was lower at most sites than comparable 

sampling in Cockburn Sound in 1977, except at Kwinana, Owen Anchorage, and GI 

7m. Sediment [Fe] was weakly positively correlated with root δ34S (R2 = 0.17, p = 

0.015) and rhizome [Fe] was weakly, positively correlated with rhizome δ34S (R2 = 

0.13, p = 0.04), suggesting Fe may provide some (albeit limited) protection from 

sulfide intrusion. 

 

Rhizome [Mn] was also consistent across all locations, with the exception of one 

quadrat in GI 3m that could be considered an outlier. No comparable date for rhizome 

[Mn] is available for Cockburn Sound, but all sites had rhizome [Mn] below mean 

concentrations in P. oceanica in the Mediterranean Sea (Tovar-Sánchez et al., 2010). 

Rhizome [Cr] were very low across Cockburn and Warnbro Sounds, despite the 

relatively high sediment [Cr].  Rhizome [Cr] was only above detectable limits at GI 

3m, GI 5m, GI 7m, and WS 5m.  No comparable historical rhizome [Cr] data from 

Cockburn Sound is available, but again concentrations in Cockburn/Warnbro Sounds 

are lower the Mediterranean P. oceanica meadows (Tovar-Sánchez et al., 2010). 

 

Rhizome [Cd] was significantly higher at Warnbro Sound sites, despite low sediment 

[Cd] across the entire study area.  Rhizome [Cd] was lower than rhizome [Cd] 
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sampled in Cockburn Sound in 1977 (Talbot & Chegwidden, 1982), and rhizome [Cd] 

from Mediterranean P. oceanica meadows (Tovar-Sánchez et al., 2010).  Rhizome 

[Cd] was significantly negatively correlated to seagrass shoot density (R2 = 0.20, p = 

0.005, n = 36, Figure 8a), leaf biomass (R2 = 0.27, p = 0.002, n = 36, Figure 8b), 

rhizome biomass (R2 = 0.22, p = 0.003, n = 36, Figure 8c), and root biomass (R2 = 

0.17, p = 0.008, n = 36, Figure 8d).  No other metals were correlated with changes in 

seagrass biomass, shoot density, or productivity. 

 

 
Figure 8: Scatterplot showing relationship between rhizome Cd concentrations and (a) seagrass shoot 
density, (b) leaf biomass, (c) rhizome biomass, and (d) root biomass.  Dashed line shows linear 
relationship, grey outline shows 95% confidence interval.  Red = extensive shoot decline; Orange = 
moderate shoot decline; Green = potential new reference sites. 
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4. DISCUSSION AND RECOMMENDATIONS 

Biomass and shoot density 
•   Sites noted as having declines in shoot density in previous CSMC surveys 

(Mohring & Rule 2013; 2014) also had the lowest shoot densities in this 

survey, maintaining the pattern seen in previous monitoring projects. These 

sites also had lower seagrass biomass in both above- (leaf) and below-ground 

tissues. 

•   Warnbro Sound had seagrasses with the lowest biomass and shoot densities.  

Warnbro Sound also had lowest maximum PAR values in this study, 

indicating lower light availabilities. The reduced light availability is likely a 

result of the high turbidity as Warnbro Sound sites. However it is unlikely that 

light availability alone is driving lower shoot density and biomass at these 

sites, given that the shallow WS sites had the lowest shoot densities/biomass, 

and also have some of the greatest rates of decline (Mohring & Rule, 2013). 

•   Temperature has also been suggested as potential driver of seagrass decline in 

the wider area (e.g. regional scale, Mohring & Rule, 2013). Sea temperatures 

were relatively uniform across the sites visited in this study (gradually 

declining as the seasons shifted from early autumn-early winter), and is not 

likely that temperature is the primary driver of seagrass decline. 

•   However, during extreme temperature events, different locations may be 

differentially impacted (e.g. rate of heating, interaction with other stressors). 

Higher losses in seagrass in Warnbro Sound following heatwave event would 

be explained on a broad scale if light availability was naturally lower in 

Warnbro Sound, as low light availability makes seagrasses particularly 

susceptible to high temperature events (Fraser et al., 2014).   

•   Dissolved O2 was slightly lower in Cockburn Sound sites, but still well above 

minimums that would impact seagrasses (above 7.4 kPa (~35%, 2.6mg/L) 

(Pedersen 2004)). However, we only monitored dissolved O2 for a month 

during late Summer/early Autumn, and have little understanding of temporal 

fluxes in dissolved O2 across the area.  Further monitoring of dissolved O2 

over longer time periods may indicate areas or times where seagrasses may be 

most at risk from the negative effects of low O2 concentrations. 
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•   In summary, we found no strong link between any water quality indicator and 

seagrass health, much like previous reports (Mohring & Rule, 2013).  

However, physical conditions in the water column (particularly high 

temperatures and low light availabilities) may decrease seagrass resilience to 

stressors from sediments. There must be a focus on examining multiple 

stressors simultaneously to determine whether the additive or synergistic 

effects of these stressors together contribute to seagrass decline (Fraser et al., 

2014). 

 

Sulfide intrusion 

•   δ34S was used as an indicator for potential intrusion of sediment sulfides into 

roots.  More negative values indicate a higher contribution of sulfides from 

sediments (sediment average: -15‰ to -25‰), while a more positive value 

indicates that sulfate from the water column is dominant S source for the plant 

(seawater average: +21‰) (Holmer & Hasler-Sheetal, 2014). 

•   Sites that have lower shoot densities and are classified as ‘at risk’ in CSMC 

monitoring tended to have more negative values, indication intrusion of 

sulfides from sediments into plant tissues.  In particular, Warnbro Sound sites 

had very negative values, both in comparison to seagrass δ34S values from 

Cockburn Sound and global averages (Table 4). Seagrasses around Garden 

Island also tended to have lower δ34S than other seagrasses within Cockburn 

Sound, though not as negative as Warnbro Sound. 

•   Seagrasses can tolerate intrusion of sulfides from sediments when they can 

transport oxygen from tissues, detoxifying toxic sulfide into less harmful 

sulfates or organic sulfur (Holmer & Hasler-Sheetal, 2014).  However, when 

detoxification thresholds are exceeded, seagrasses are negatively impacted 

given the toxic effects sulfide has on eukaryotic cells (Pedersen et al., 2004). 

Sulfide intrusion has caused seagrass declines in other seagrass ecosystems 

worldwide, including other members of the Posidonia genus (Borum et al., 

2005; Garcias-Bonet et al., 2008). 

•   Seagrasses in areas with noted seagrass declines (Garden Island and 

particularly Warnbro Sound) consistently showed more negative δ34S values 

(Figure 6), suggesting that sulfide intrusion may be a major driver of seagrass 
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declines in the region. Further experiments that experimentally test the link 

between seagrass health and sulfide intrusion in Cockburn and Warnbro 

Sounds would help to confirm the role of sulfide intrusion in seagrass declines 

(see Recommendations section). 

 

What is driving the high δ34S in Warnbro Sound 

•   Numerous factors have been suggested as drivers that increase sulfide 

intrusion from sediments into seagrass tissues.  Generally, sulfide intrusion 

into seagrass tissues is more prevalent when seagrasses are already exposed to 

other stressors (e.g. by low oxygen, high temperatures, nutrient loading etc.) 

as oxygen transport is already limited within the plants (Holmer & Hasler-

Sheetal, 2014). 

•   Increased OM in sediments can increase sulfide intrusion by reducing oxygen 

concentrations.  Mean OM concentrations were highest in Warnbro Sound, 

though they were variable across different depths within Warnbro Sound.  

However, there was no significant relationship between sediment OM and 

δ34S in seagrasses across the entire study area. Sediment OM content of 

sediments alone cannot explain high sulfide intrusion, but may worsen sulfide 

intrusion, especially during extreme temperature events. 

•   Where DO concentrations decrease due to high temperatures or calm weather, 

sulfides can enter seagrasses at night. We found no major differences in DO 

across sites, and all dissolved O2 concentrations above minimum values where 

sulfide intrusion can occur (Pedersen et al., 2004).  However, dissolved O2 has 

fallen close to these minimum levels in Cockburn Sound before (Mohring & 

Rule, 2013).  In addition, the dissolved O2  concentrations required for P. 

sinuosa to prevent sulfide intrusion may be greater than stated minimum levels 

that were developed on other seagrass species (Zostera marina, Pedersen et al. 

2004), and must be determined before firm conclusions can be reached.  As 

such, low dissolved O2 cannot be ruled out as a contributor to sulfide intrusion 

and seagrass loss given the limited temporal scale of this study.  Again, 

developing a long term data set with dissolved O2 concentrations continuously 

monitored throughout the year would help to determine if this is a driver if 

seagrass loss. 
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•   Given that the major defence for seagrasses against sulfide intrusion is the 

release of photosynthetically derived O2 from leaf tissues to roots and 

sediments, any processes limiting photosynthesis may reduce the ability of 

seagrasses to prevent sulfide intrusion. Warnbro Sound had lower maximum 

PAR values than any other sites, likely driven by high turbidity in these sites.  

If oxygen production in seagrasses were limited by low light availabilities in 

Warnbro Sound, then the seagrasses would be less likely to be able to detoxify 

sulfides from sediments. 

 

 

Metals 

•   Previous development around Cockburn Sound involved the release of some 

metals into environment, which could be concerning due to limited mobility in 

environment and known negative impacts on seagrasses.  However, we found 

decreased concentrations of all metals in sediments relative to surveys in 

Cockburn Sound in 1977. 

•   Seagrass [Zn] was relatively high across study area, especially adjacent to 

Garden Island (Table 7). There was no strong correlation between [Zn] and 

seagrass health.  Seagrass [Zn] are the only metal concentrations to have risen 

since comparable studies in the late 1970s (Talbot & Chegwidden, 1982), but 

are unlikely to have contributed to seagrass decline given that they are an 

essential micronutrient for seagrasses (Luy et al., 2012). 

•   Seagrass [Cd] was elevated in Warnbro Sound sites, and was negatively 

correlated with seagrass biomass and shoot density (Table 7, Figure 7).  

Uptake of cadmium by plants can also interfere with sulfur metabolism within 

plants (ERNST et al., 2008) elevated seagrass [Cd] may indicate plants that 

are particularly susceptible to sulfide intrusion.  Expression of genes involved 

in reductive sulfate assimilation pathway and enzyme activities are stimulated 

by [Cd] (Ernst et al 2008).  However, there has been very little research done 

on Cd impacts in seagrasses.  As such, the extent that sediment Cd may be 

influencing the vulnerability of seagrasses to sulfide intrusion is unknown, and 

should be an area of future research.  
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•   There are no obvious reasons that rhizome [Cd] is elevated at Warnbro Sound 

compared to Cockburn Sound, especially given that historical development at 

Cockburn Sound resulted in metal discharge.  One driver may be groundwater 

inputs from adjacent wetland systems.  The nearby Richmond Lake has 

previously been flagged as a system that is at high risk from acid sulfate soils, 

with metals potentially being released if sediments are oxygenated (Ecoscape 

Pty. Ltd., 2008).  In addition, Cd is not retained in well oxygenated calcareous 

sediments, and when freely available would be lost quickly from environments 

after input.  However, Cd is also readily taken up by plants, and its mobility 

would be lowered once in the organic pool.  As Warnbro Sound is a 

depositional environment (reflected by higher OM concentrations), higher 

[Cd] content may be driven by slower losses of Cd from Warnbro Sound. 

 

Conclusions 

•   Sites with previous records of shoot declines also had lower seagrass biomass, 

but these patterns could not be explained by water quality parameters 

•   Meadows with the highest rates of seagrass decline (particularly in Garden 

Island and Warnbro Sound) had the highest intrusion of sulfides from 

sediments, which are potentially toxic to seagrasses. As such, sulfide intrusion 

may be a driver of seagrass declines in some areas across Cockburn and 

Warnbro Sounds, driving continued seagrass declines in spite of improved 

water quality. Further experiments examining the extent of sulfide intrusion 

across the  area, and environmental conditions that exacerbate sulfide 

intrusion, are recommended. 

•   Seagrass rhizome cadmium concentrations were negatively correlated with 

seagrass biomass and shoot density, suggesting a potential role in declines. 

Uptake of cadmium can interfere with sulfide uptake in terrestrial plants, but 

further research is required to determine if similar effects are present in 

seagrasses. 
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5. RECOMMENDATIONS 

•   The decline of seagrasses in Cockburn Sound has continued despite all water 

quality parameters improving or staying stable over the same period.  Here, 

we show that stressors from sediments may be contributing the decline of 

seagrasses across the area. 

•   It is unlikely that one stressor alone is responsible for the seagrass decline.  

Instead, a focus should me made an examining multiple stressors 

simultaneously, and examining potential additive or synergistic impacts of 

these stressors.  Given the gradual increase in average sea temperature in the 

area, along with the increased likelihood of extreme heat events like the 2011 

marine heatwave, it will be important to place any future work in the context 

of a gradually warming environment with more frequent and intense peaks. 

•   Sulfide intrusion from sediments is likely to be a contributor to the continued 

seagrass decline across the area, particularly in Warnbro Sound where δ34S 

values are extremely depleted, indicating greater sulfide intrusion from 

sediments.  We recommend a combined field and mesocosm approach to 

determine the drivers of sulfide intrusion in P. sinuosa within 

Cockburn/Warnbro Sounds. The field aspect of such a study would require a 

seasonal aspect, as it is likely that the vulnerability of seagrasses to sulfide 

intrusion changes through the year.  In addition, we recommend the 

deployment of loggers at key sites across the Bays that measure temperature, 

dissolved oxygen, pH, and PAR. The controlled mesocosm component of the 

experiment would allow a removal of confounding factors, and examination of 

the physiological impacts of sulfide intrusion on seagrasses under difference 

environmental conditions (e.g. different temperatures, light intensities etc.).  

Such an approach would also allow threshold values of dissolved oxygen 

required for P. sinuosa before sulfide intrusion occurs to be determined, 

instead of relying on data from other seagrass species.  The outcomes from 

such an experiment would help identify areas within the Sounds that are 

particularly at risk, improving the management of further declines, as well as 

informing science-based restoration projects that may be necessary should 

seagrass decline continue. 
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•   Metals in sediments and seagrass tissues have generally decreased in 

Cockburn Sound since 1977.  However, Cd concentrations were negatively 

correlated to seagrass density and biomass across the entire study area, and 

zinc concentrations were elevated adjacent to Garden Island. Cd has been 

implicated with an increased uptake of sulfur compounds in terrestrial plants, 

but effects in seagrasses are less known. Zinc was the only metal to rise in 

Cockburn Sound seagrasses since the 1970s and, while not directly implicated 

in previous seagrass declines, may also warrant further investigation given 

complex interactions between metals and plant physiology. Given the lack of 

knowledge of metals on seagrass physiology, we recommend that a 

mesocosm-based approach with experiment manipulations of Cd and Zn 

would represent a good starting point for understanding the ecological roles of 

these metals. 
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7. TABLES 
 
Table 1:  Photosynthetically active radiation (PAR) March-April 2015 at sites in Cockburn/Warnbro 

Sound. 

Site 
Maximum PAR  

(μE m-2 s-1)  
Average PAR  

(μE m-2 s-1) 
Garden Island 2m 2391.30 70 
Garden Island 7m 1021.3 47.8 
Owen Anchorage 6m 1723.80 54.8 
Woodman Point 3m 1678 64.31 
Warnbro Sound 5m 553 49 

 
 
 
 
 
 
Table 2: Water quality parameters March-April 2015 at sites in Cockburn/Warnbro Sound.  Ranges are 
given in brackets below means. 

Site 
Depth 

(m) 
Temperature  

(°C)  
Salinity 

(‰) 
Dissolved Oxygen 

(mg/L) 
Dissolved Oxygen 

(% sat. air) 

Kwinana 
7.4 

 (7.1-8.1) 
18.3 

 (17.0 - 19.7) 
 
 

35.7  
(33.0-36.8) 

7.4 
(6.09 - 8.73) 

97.3 
(82 - 112) 

Owen Anc. 
6.1  

(5.8 - 6.6) 
21.1  

(19.9 - 21.9) 
 
 

36.6 
 (34.5 - 37.1) 

6.85  
(4.17 - 8.09) 

95.4 
(58 - 113) 

Garden 
Island 5m 

4.8  
(4.3 - 5.1) 

20.7 
 (19.4 - 21.9) 

 
 

34.4  
(32.53 - 36.45) 

7.07  
(5.5 - 9.68) 

96.5  
(76 - 130) 

Warnbro 
Sound 5m 

5.2 
 (4.8 - 5.7) 

19.5  
(17.7 - 20.7) 

 
 

35.4  
(34.8 - 35.7) 

7.3  
(6.26 - 9.6) 

98.0 
(84 - 130) 
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Table 3: Mean seagrass shoot densities, biomass and productivity across Cockburn/Warnbro Sound.  
GI = Garden Island, WS = Warnbro Sound.  
 

 
Site 

Shoot density 
(shoots m-2) 

Root 
biomass (g 
m-2) 

Rhizome 
biomass (g 
m-2) 

Leaf biomass 
(g m-2) 

Epiphytes (g 
m-2) 

Productivity 
(mg sh day-1) 

GI 2m 2050 182.3 263.5 241.3 39.4 1.03 
GI 3m 1042 49.8 145.6 88.9 16.6 1.37 
GI 5m 1450 102.8 300.4 188.0 26.7 1.43 
GI 7m 858 36.8 130.8 104.7 22.6 1.22 
Garden Island 
Mean 1350 92.9 210.1 155.8 26.3 1.26 

Jervoise Bay 1042 24.6 172.8 94.2 37.5 1.30 
Kwinana 1425 63.5 267.0 133.9 46.4 1.05 
Owen Anchorage 1567 72.6 202.5 162.5 35.0 1.03 
Woodman Point 1758 84.7 226.3 154.5 37.2 1.07 

WS 2m 1308 72.9 321.7 58.0 31.1 1.16 
WS 3m 300 1.2 17.3 24.7 16.7 1.48 
WS 5m 1100 67.2 168.5 105.8 49.3 0.84 
WS 7m 658 40.0 120.7 89.9 28.3 1.10 
Warnbro Sound 
Mean 842 45.34 157.08 69.61 31.36 1.15 
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Table 4: Seagrass total sulfur (% d.w.), sulfur isotope composition (δ34S) values in leaves, roots and 
rhizomes across Cockburn/Warnbro Sound, plus comparison to similar data from other locations. 

 
Site 

Leaf [S]  
(%) 

Rhizome [S] 
(%) 

Root [S] 
(%) 

δ34S Leaf 
(‰) 

δ34S Rhizome 
(‰) 

δ34S Root 
(‰) 

GI 2m 0.18 0.49 0.76 13.04 2.26 -4.36 
GI 3m 0.18 0.61 0.53 14.42 1.58 -0.54 
GI 5m 0.21 0.53 0.61 15.80 1.72 -3.43 
GI 7m 0.20 0.54 0.54 16.47 1.85 3.08 
Garden Island 
Mean 0.19 0.54 0.61 14.93 1.85 -1.31 

Jervoise Bay 0.20 0.52 0.65 14.81 1.95 0.33 
Kwinana 0.17 0.50 0.55 14.52 8.29 0.36 
Owen Anchorage 0.21 0.45 0.68 17.36 3.56 1.28 
Woodman Point 0.22 0.31 0.40 17.25 14.18 9.25 

WS 2m 0.17 0.78 0.68 10.13 -5.22 -8.85 
WS 3m 0.20 0.56 1.12 4.46 -4.51 -13.47 
WS 5m 0.17 0.49 0.45 13.51 4.76 3.30 
WS 7m 0.20 0.66 0.81 11.58 -2.46 -5.74 
Warnbro Sound 
Mean 0.19 0.62 0.76 9.92 -1.86 -6.19 

SW Australia1 0.88 0.73 0.95 18.3 4.6 0.9 
Shark Bay2* 0.85 0.99 0.78 12.47 -3.17 1.62 
Global ave.3 0.60 0.60 0.8 12.40 5.10 0.10 

1 Holmer and Kendrick 2013; 2 Cambridge et al 2012; 3 Holmer and Hasler-Sheetal 2014 
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Table 5: Mean carbon, nitrogen, phosphorus, δ13C and δ15N isotope content of seagrass leaves in 
sites across Warnbro/Cockburn Sounds, plus stoichiometric ratios,  GI = Garden Island, WS = Warnbro 
Sound. 

 
Site 

C (% 
dw) 

 N (% 
dw) P (% dw) C/N C/P N/P 

δ13C 
(‰) 

δ15N 
(‰) 

Sediment 
OM (% 
dw) 

GI 2m 42.03 0.77 0.15 54.9 285.2 5.2 -11.01 2.27 2.93 
GI 3m 42.10 1.00 0.11 42.8 377.0 8.8 -10.58 2.69 3.16 
GI 5m 42.20 1.13 0.14 38.3 321.7 8.6 -10.75 3.73 2.30 
GI 7m 41.97 1.03 0.15 40.7 276.6 6.8 -10.87 2.80 3.44 
Garden Island 
Mean 42.08 0.98 0.14 44.2 315.1 7.4 -10.80 2.88 2.96 

Jervoise Bay 41.93 1.23 0.12 33.7 363.1 10.8 -9.14 4.61 0.92 
Kwinana 42.50 1.03 0.12 42.4 353.3 8.4 -10.83 3.52 3.81 
Owen Anchorage 42.57 1.13 0.11 37.5 374.3 10.0 -10.28 3.20 2.21 
Woodman Point 42.63 1.10 0.11 39.8 379.2 9.7 -10.54 3.38 2.95 

WS 2m 42.27 1.10 0.12 38.2 354.5 9.2 -11.08 0.19 2.57 
WS 3m 41.77 0.90 0.10 48.2 409.9 8.5 -9.96 1.27 2.66 
WS 5m 42.80 1.17 0.12 37.5 351.9 9.5 -10.12 2.75 4.09 
WS 7m 42.20 1.20 0.12 35.6 345.4 9.7 -10.39 1.36 3.33 
Warnbro Sound 
Mean 42.26 1.09 0.12 39.9 365.4 9.2 -10.39 1.39 3.11 
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Table 6: Mean metal concentrations in sediments in Cockburn/Warnbro Sounds, plus comparable data 
collected from Warnbro Sound in 1977. 
 

 
Site 

Sediment Fe 
(ppm) 

Sediment Zn 
(ppm) 

Sediment Mn 
(ppm) 

Sediment Cr 
(ppm) 

Sediment Cu 
(ppm) 

Sediment Cd 
(ppm) 

GI 2m 39.37 1.62 1.28 0.92 0.20 0.00 
GI 3m 62.23 1.52 1.46 0.57 0.43 0.01 
GI 5m 51.13 1.25 1.07 0.69 0.24 0.00 
GI 7m 79.43 1.90 1.28 0.60 0.35 0.01 
Garden Island Mean 58.04 1.57 1.27 0.70 0.31 0.01 

Jervoise Bay 34.80 1.66 0.87 0.34 0.24 0.00 
Kwinana 109.73 6.78 2.16 0.27 0.53 0.01 
Owen Anchorage 64.80 7.51 1.14 0.47 0.39 0.00 
Woodman Point 57.17 5.51 1.10 0.67 0.41 0.01 

WS 2m 31.70 1.09 1.23 1.01 0.13 0.00 
WS 3m 43.90 0.48 1.36 0.94 0.16 0.00 
WS 5m 83.20 1.29 1.90 0.60 0.41 0.01 
WS 7m 88.83 1.14 1.89 0.57 0.27 0.01 
Warnbro Sound 
Mean 61.91 1.00 1.59 0.78 0.24 0.01 

Cockburn Sound 19771 3647.62 15.02 10.16 25.01 11.36 0.37 
1Talbot and Chegwidden (1983) 
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Table 7: Mean metal concentrations in rhizomes of seagrasses growing in Cockburn/Warnbro Sound. 

Site 
Rhizome 

[Zn] (ppm) 
Rhizome 

[Fe] (ppm) 
Rhizome 

[Mn](ppm) 
Rhizome 

[Cd] (ppm) 
Rhizome 

[Cr] (ppm) 
GI 2m 177.97 23.90 1.60 0.16 0.00 
GI 3m 155.20 35.63 8.63 0.25 0.07 
GI 5m 88.57 42.50 0.97 0.14 0.17 
GI 7m 168.47 100.53 1.83 0.24 0.30 
Garden Island Mean 147.55 50.64 3.26 0.20 0.13 

Jervoise Bay 134.73 56.03 1.87 0.24 0.00 
Kwinana 79.93 91.47 1.17 0.21 0.00 
Owen Anchorage 100.23 94.97 1.10 0.19 0.00 
Woodman Point 49.63 62.00 0.87 0.16 0.03 

WS 2m 124.37 20.27 0.97 0.25 0.00 
WS 3m 23.40 11.10 0.60 0.46 0.00 
WS 5m 77.23 86.40 2.40 0.29 0.17 
WS 7m 106.47 58.30 1.17 0.32 0.00 
Warnbro Sound 
Mean 82.87 44.02 1.28 0.33 0.04 

Cockburn Sound 19771 58.58 89.53 N/A 0.45 N/A 
Mediterranean Sea2 44.10 170.40 8.50 1.12 0.54 

 
1 Talbot and Chegwidden (1982); 2 Tovar-Sanchez et al (2010) 
 


