
 

 

 

 

 

 

 

Heterozostera Resilience 

 

 

 

 

 

 

Presented by 

Brooke Kimberly Sullivan 

ORCID ID: 0000-0001-8391-3590 

 

 

 

Submitted in fulfillment of the requirements for a Doctor of Philosophy in Science 

University of Melbourne School of Biosciences 

 

Committee Chair: Prof. Jan Carey 

Supervisor: Prof. Michael Keough 

Co-Supervisor: Dr. Jackie Myers 

 

March 2019 

  



 

2 | Page 
 

 

 

 

 

 

 

 

 

 

 

©2019 Brooke K. Sullivan 

  



 

3 | Page 
 

Summary of Thesis 

Seagrass perform critical provisioning, regulating, cultural and supporting ecological 

functions and services humans rely on world-wide. Unfortunately, many seagrass ecosystems are 

vulnerable to disturbance and are being lost at alarming rates.  Some seagrass species have been 

listed by the International Union for the Conservation of Nature as threatened and endangered 

where population sizes are small or are highly restricted in geographic distribution. For several 

other species, there is not enough data to determine whether a species is at risk or not.  

When ecological resilience thresholds for species survival and reproduction are exceeded, 

declines in seagrass may occur. Declines over time and space may be episodic or ongoing and 

occur as a result of impacts from both natural and anthropogenic stressors, such as turbidity, 

eutrophication, hypersalinity and urbanization. Increasing global change phenomena are expected 

to exacerbate declines of seagrass in many parts of the world, and vast losses of seagrass have 

functional implications for other ecosystems and organisms.  

 Heterozostera are unique seagrass broadly distributed throughout coastal southern 

latitudes especially in Australia. Only three populations of Heterozostera are found outside of 

Australia, in a small region of the eastern Pacific in Chile. The populations are made up of 2 non-

flowering clones. Therefore, Heterozostera of Australia may be functionally endemic to southern 

Australia, including Tasmania.   

Substantial loss of Heterozostera has been reported from the middle range of 

Heterozostera in several locations of Victoria, Australia. Subsequent recovery of diminished 

populations has been slow in some sites, especially in Western Port, Victoria. Few published 

accounts related to resilience, including seagrass population monitoring for conservation and 

restoration of Heterozostera in the southern hemisphere have been completed.  
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The aim of this thesis is to advance basic botanical research on Heterozostera in support 

of taxonomic resolution and the development of conservation strategies, especially those focused 

on modeling and applied seagrass resilience and restoration in Australia.  More studies are needed 

to contribute to the development of restoration and resilience management strategies for lesser-

studied southern hemisphere seagrass ecosystems, and this work supports the generation of 

additional discoveries.  

Specifically, the objective of this dissertation is to identify and examine the autoecology 

and resilience Heterozostera, including sexual and clonal reproductive success under variable 

environmental cues. In all, five comprehensive studies of Heterozostera biogeography and 

biology are included in this dissertation, along with a theoretical framework and summary 

exploring the roles of environmental parameters in the autoecology of resilience for temperate 

Australian Heterozostera. Chapter 1 presents a review of research in support of Australian 

Zosteraceae, including trends and gaps in our understanding of seagrass resilience mechanisms, 

including both resistance and recovery pathways in Heterozostera.  Chapter 2 details the results of 

an extensive survey of existing sediment and nutrient conditions for Heterozostera populations 

across 15 seagrass meadows located in southeastern Australia’s Port Phillip Bay. Chapter 3 

summarizes a series of experiments aimed at discovering effective Heterozostera seed storage and 

collection protocols for use in land-based aquaculture, and specifically examining the potential 

roles of seed colour, sterilisation and refrigeration with the goal of improving long-term seed 

viability.  Chapter 4 contains a fully factorial germination assay undertaken to identify potential 

cues to Heterozostera germination, including sediment type and sterilization, nutrient loads, and 

refrigeration. Chapter 5 details a germination experiment using a 2-ppm copper sulphate (CuSO4) 

solution to cue germination of Heterozostera seed. Lastly, Chapter 6 explores the rates of asexual 

growth and survival of three types of clonal reproductive Heterozostera propagules (rhizome, 
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plantlet and stalk/shoot). This work provides novel information about several topics of research 

with regard to the autoecology of Heterozostera including: (1) species identification, (2) species 

ecology and biogeography, (3) reproductive material collection and storage, (4) seed germination, 

and (5) clonal transplanting.   

This research demonstrates Heterozostera is capable of widespread recovery across a 

range of sediment and nutrient conditions. Continued work on lesser-known Heterozostera 

species (H. tasmanica and H. polychlamys), and other rarer seagrasses world-wide are critical for 

understanding the potential loss of resilience and increased vulnerability (or conversely, the 

potential for recovery, adaptation and survival) of threatened and endangered seagrass 

populations with limited global dispersal. Collectively these studies details methods to support 

future Heterozostera research in both laboratory and field settings where culture of reproductive 

materials are required. In addition, the outcomes from this research provides novel information in 

support of progressing in-situ seeding and transplanting efforts aimed to improve operation of 

land-based seagrass nurseries and research studies. Novel evidence builds support that 

Heterozostera nigricaulis as a functionally resilient species of seagrass, largely due to its ability 

to inhabit variable ecological conditions and to utilize multiple sexual and asexual reproductive 

strategies to recover populations following disturbances.  

 

  



 

6 | Page 
 

 

Declaration 

I declare this thesis comprises only my own original work, completed in progress towards 

a Doctorate of Philosophy in Science except where indicated in the preface; due 

acknowledgement of collaborations has been made in the text for all other material used; and the 

thesis is fewer than the maximum word limit in length, exclusive of tables, maps, bibliographies 

and appendices. The thesis is less than 100,000 words as approved by the University of 

Melbourne Research Higher Degrees Committee. 

  



 

7 | Page 
 

Dedication 

Do maighdeana mara 
 

I wandered lonely as a cloud  

That floats on high o'er waves that pass,  

When all at once I saw a crowd,  

A host, of emerald seagrass;  

Beside the lake, beneath the trees,  

Fluttering and dancing in the breeze.  

 

Continuous as the stars that shine  

And twinkle on the milky way,  

They stretched in never-ending line  

Along the margin of a bay:  

Ten thousand saw I at a glance,  

Tossing their heads in sprightly dance.  

 

The waves beside them danced; but they  

Out-did the sparkling waves in glee:  

A poet could not but be gay,  

In such a jocund company:  

I gazed—and gazed—but little thought  

What wealth the show to me had brought:  

 

For oft, when on my couch I lie  

In vacant or in pensive mood,  

They flash upon that inward eye  

Which is the bliss of solitude;  

And then my heart with pleasure pass,  

And dances with the seagrass. 

 

William wordsworth (Sullivan)  
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Chapter 1 Introduction  

Seagrasses are marine flowering plants engineering vast areas of coastal habitat on nearly 

all the continents of the world, with the exception of Antarctica (Short and Green 2002). 

Seagrasses include diverse families, identified by their unique ability to grow and successfully 

reproduce through flowering and pollination (De Cock 1980) in marine habitats (Les et al. 1997). 

Thus, seagrasses are an example of convergent evolution in a marine angiosperm, where 

phylogenetic markers support between 4-6 independent families of seagrasses independently 

diverging from freshwater lineages (Kato et al. 2003) beginning approximately 100 million years 

ago (Coyer et al. 2013). ‘Seagrasses’ are limited to Alismatales, and divergences occur in both 

Hydrocharitales and Najadales. In all, the seagrass families in include: Cymodoceae Benth. & 

Hook.f., Hydrocharitaceae Juss., Posidoniaceae Vines, and Zosteraceae Dumort. (Les and Tippery 

2013). In addition, Ruppiaceae Horan (Ruppia). and Zannichelliaceae Chevall. (Althenia, 

Lepilaena) are associated with seagrasses due to their ability to survive in brackish waters (Den 

Hartog and Kuo 2006). Phylogenetic and morphological variability in ‘seagrass’ species lists 

demonstrate a functional, rather than monophyletic taxonomic relationship between families. In 

fact, seagrasses span five lineages, each of them converging and diversifying in marine waters. 

One of these families, Zosteraceae, evolved at the end of the Cretaceous period, approximately 

100 million years ago. Since that time, Zosteraceae have evolved, often at critical global change 

phenomena, including periods of warming and higher sea levels.  Despite clear patterns in time 

calibrated phylogeny (Coyer et. al 2013). Seagrasses clearly demonstrate a unique biological 

community with very low speciation around the world, especially compared to other terrestrial 
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and freshwater angiosperms. Therefore, seagrasses remain phylogenetically diverse and species 

poor.  

Cryptic species are defined as specimen with morphological differences that are not 

detected when tested against standard genetic markers, or variations in genetic markers that are 

detectable and indistinguishable from each other morphologically. Australian Zosteraceae 

(Nanozostera muelleri and Heterozostera tasmanica) contains some of these ‘cryptic species’ 

(Coyer et al. 2013). 

An increase in our ability to decipher evolutionary clues and genetic variations through 

phylogeny has led to unresolved discrepancies in the position of and associations between several 

seagrass species that have been described in the Australian Zosteraceae, including Heterozostera. 

The importance of resolving taxonomic positions for ecological research and conservation 

purposes is underestimated (Hutchings 2013). Lack of taxonomic clarity can lead to an inability to 

properly identify ecologically important seagrasses to the level of species, and may lead to 

difficulties in experimental design, confounding results or making them irreproducible. A lack of 

taxonomic resolution for keystone species and ecosystem engineers can create serious issues in 

conservation (Mace 2004), where identification of threatened and endangered seagrasses can be 

overlooked or incorrect (Paquin et al. 2008). Botanically derived medical research has 

demonstrated issues with inadequate and inaccurate surveys, wherein treatments could not be 

reproduced due to misidentification of species (Bennett and Balick, 2014).  Thus, lack of clarity 

in Zosteraceae speciation increases the chance of making incorrect or weighted conclusions about 

perceived ecological observations as well. 
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Heterozostera (den Hartog) 

Heterozostera is a genus of seagrass in the Zosteraceae family endemic to the southern 

hemisphere (Kuo 2006) (Figures 1-1 and 1-2). Attempts to resolve two of the four described 

species in this genus (H. polychlamys and H. tasmanica) are lacking, and explorations of biology 

and restoration capacity for Heterozostera are scant (See Review of Heterozostera taxonomy and 

voucher collections, Appendix A). Gaps in resolution and ecological knowledge in published 

literature point to a lack of consensus on taxonomic positions within temperate Australian 

Zosteraceae (York et al. 2016). These gaps may be derived from lack of 1) resolution of evidence 

for Zosteraceae speciation in Australia, 2) recorded history available to validate published 

descriptions and type specimen for Australian Zostera/Nanozostera and Heterozostera, and 3) a 

summary of key arguments for resolution of genera and species determinations in Australian 

Zosteraceae through evidence of divergence in both morphology and phylogeny.  

Morphological. Tomlinson and Posluzny (2001) observed significant morphological and 

developmental differences between genera in the Zosteraceae.  Detailed descriptions of 

morphological variations were included in an updated key (Tomlinson and Posluzny 2001). 

Identification has relied upon variation in the leaf tip morphology and distribution of cortical 

bundles in root tissue to determine speciation in Australian Zosteraceae.  Due to difficulty 

developing key diagnostic characteristics, discovery of cryptic speciation, and observation of high 

levels of phenotypic diversity (Conacher et al. 1994b, Les et al. 2002, Coyer et al. 2013) 

uncertainty remains high in repeated success keying seagrasses based on morphological 

characteristics among Australian Zosteraceae. 

Genetic. Genetic evaluations are completed as a way to describe ecological and 

evolutionary relationships between known species within the Zosteraceae family (Figure 1-2).  

Early on, researchers found that chromosome numbers differentiated between genera in the 
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Zosteraceae family in both the northern and southern hemispheres (Kuo 2001, Uchiyama 1996). 

Around the same time genetic material from Australia and around the world was reviewed Les et 

al. (1997; 2002) and Tanaka (2003). Both studies determined H. tasmanica should be firmly 

placed in the genus Zostera and recognize three subgenera under Zostera.  Jacobs and Les (2009) 

also suggested retaining the genus Zostera due to proof of phylogenetic nesting of Heterozostera 

species within the Zostera genus (Kato et al. 2003, Les et al. 2002, Tanaka et al. 2003), and 

argued lack of abundantly clear distinctions in phylogenetic markers of Zosteraceae, the family 

should contain only two genera (Zostera and Phyllospadix).  Les et al (2002) also suggested 

merging all Australian species formerly known under the subspecies of Zosterella together as the 

subgenus Zostera (Zosterella). Coyer et al. (2013) have published the most recent research 

relevant to the taxonomic and phylogenetic positions of Zosteraceae species. Investigations of 

genetic material proceed from the greatest number of global Zosteraceae samples to date. Using a 

total of four different genetic markers (ITS1, matK, rbcL, and psbA-trnH), the paper proposes a 

solution to the question of taxonomic determinations based largely upon the genetic relationships 

of all the species of Zosteraceae. Their results reaffirmed the recognition of four distinct genera in 

the Zosteraceae family, as originally suggested in morphological and genetic analyses completed 

by Tomlinson and Posluzny (2001). Thus, the four supported genera are Zostera, Heterozostera, 

Nanozostera and Phyllospadix.  

Within the Zosteraceae, Coyer et al (2013) also resolves global taxonomic issues related to 

speciation through comprehensive analyses of Zosteraceae phylogeny, which closely align with 

morphological variations observed in the family. Results support resolution for Z. asiatica, Z. 

caulescens, Z. marina and Z. pacifica. A single specimen of Z. caespitosa was indistinguishable 

from Z. marina, so phylogeny of Z. caespitosa remains unresolved.  Unfortunately, only one 

voucher of Heterozostera tasmanica is sampled for this study. However, that voucher was 
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genetically indistinguishable from H. nigricaulis. This may be due to lack of knowledge on the 

part of the collector regarding biogeography and morphological variations within the genus. H. 

tasmanica are morphologically unique and found in a different habitat than H. nigricaulis. Still, 

due to widespread phenotypic plasticity in Zosteraceae, more detailed phylogenetic testing may 

reveal some described species are genetically indistinguishable. A summary of speciation in 

Australian and Chilean Heterozostera (Table 1-1) may impact the relevance and applicability of 

Australian and possibly Chilean marine policy, conservation and restoration efforts.  

Combined approaches. Les et al (2002) was the first to evaluate morphological ambiguity 

within Australian Nanozostera, through analyses of several genetic markers. This was completed 

to determine if there is sufficient divergence to warrant a determination of speciation. They report 

insufficient genetic markers to separate some species, yet also note the vouchers clearly display 

morphologically variation, and as such, these species are now grouped into what is known as a 

phylogenetic ‘complex’. Specifically, Les et al. (2002) found that a Nanozostera muelleri 

‘complex’ (admittedly inaccurately called N. capricorni in Les et al. 2002) should be recognized, 

including N. muelleri, N. novazelandica and N. capricorni (Tomlinson and Posluzny 2001), as 

these species only weakly diverged in characteristics, which they attributed to physical distances 

between the populations leading to genetic drift and to phenotypic plasticity (Les et al. 2002). In 

recognizing this complex, they noted genetic determinations were still unresolved within the 

Nanozostera group, and that this is likely due to recent speciation and hybridization in the 

populations, which are largely isolated geographically.  This assertion was supported by the 

recent work of Coyer et al. (2013) who found only one species of Nanozostera muelleri, which 

contains four morphologically distinct subspecies N. mucronata, N. muelleri, N. capricorni and N. 

novazelandica. Distinct variations in the morphology of Heterozostera species have also been 
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recorded (Kuo, 2005), but no genetic investigations have been completed to support observed 

morphological characteristics.  

In summary, at least two, possibly three, species of Heterozostera are found in temperate 

Australia, including H. nigricaulis (black stem and slightly inconspicuous spathes), H. tasmanica, 

(tan-coloured stem with conspicuous bulging spathe).  A third species, H. polychlamys has been 

described and resolved, however tests to verify divergences are still required to confirm it is not 

synonymous with H. tasmanica, as they are morphologically similar to each other, (with H. 

polychlamys presenting only what appear to be more flowers per stem and a reduced profile) and 

occur in similar habitat in southern Australia. Continued work to resolve the taxonomic 

(morphological and phylogenetic) position of critical coastal Australian Heterozostera ecosystems 

is urgently needed to focus conservation efforts and improve continuity and accuracy of research 

on the biology and resilience of this functionally and economically important habitat. 

Table 1-1 Summary of speciation in Australian Zosteraceae  

Genus	 Species	 Source	 Notes	
Nanozostera	 muelleri	 Coyer	et	al.	2013	 Phylogenetic	‘complex’	include	morphologically	

distinct	varieties:	N.	muelleri,	N.	capricorni,	N.	
novazealandica	and	N.	mucronata	

Heterozostera	 nigricaulis	 Coyer	et	al.	2013	 Indistinguishable	morphologically	and	
genetically	from	H.	chilensis	

Heterozostera	 tasmanica	 Kuo	2005	 	
Heterozostera	 polychlamys	 Kuo	2005,	Coyer	et	al.	2013	 Syn.	H.	tasmanica	possible	

 

Reproductive Biology 
Like other seagrasses, Heterozostera produce true flowers, but may also expand clonally 

through rhizome extensions. Seagrasses are thought to naturally persist and recover in coastal 

areas through generation of both asexual and sexual propagules. Studies of potential reproductive 

pathways indicate resistance and recovery in this species may occur through both clonal 

(Thomson et al. 2015) and sexual (Cumming et al. 2017) reproductive fragments.   
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Rhizomes. When a portion of the rooting structure, with or without leaves attached, 

separates from a rooting mass and is able to float freely at any depth in the water column, that 

plant part is known as a rhizome fragment. Detached clonal seagrass rhizomes can persist and 

travel over long distances (Smith et al. 2018) and rhizomes can be recruited into existing beds 

from floating materials (Kendrick et al. 2012).  

Plantlets. Heterozostera species produce a unique vegetative propagule, herein known as a 

“plantlet” (Cambridge et al. 1983).  The plantlet emerges from the stem tissues and may develop 

aerial roots, rhizomes and leaves of its own. Morphologically, plantlets may be very similar in 

appearance to Nanozostera muelleri shoots (personal observation).  These propagules are 

commonly found growing at the tops of mature plants, which may ultimately collapse or become 

buried. Plantlets may also be found washed up on beaches and collected in intertidal areas when 

they become detached.  These unique clonal reproductive structures could serve an important role 

in dispersal and recovery mechanisms if they can be successfully established in sediments, though 

positive proof of this phenomenon in the field is lacking (Thomson et al. 2015).  

Stalks. The stalks of Heterozostera are fan-shaped structures forming a clump of leaves at 

the end of the long black vertical rhizomes.  The stalk may become detached from the black 

stems, possibly when the plants become stressed.  These detached stalks can be readily collected 

from the beach in wrack or cast materials that are still wet and fresh. The ability of clonal stalks to 

produce new shoots or roots and re-establish themselves in marine sediments is unknown. 

Floating flowering shoots. Flowering characteristics of seagrasses are driven by 

temperature, light, nutrients, and in some cases, herbivory (Kendrick et al. 2012).  In 

Heterozostera, flowering shoots appear near the base of leaves at the end of black vertical 

rhizomes, where intravenous swellings develop into seed bearing spathes. These flowering stems 
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can be found floating in coastal bays, separated from the main plant, and with pollinated seeds 

attached.  We call these stems “floating flowering shoots” (FFS).  FFS in the closely related 

Zostera are known to survive for months following detachment and have the potential to disperse 

over much farther distances (23 km in 6 hours) than seeds released directly from rooted plants, 

which are negatively buoyant (Smith et. al 2018). Thus, FFS are likely to play an important role 

in seagrass dispersal and recovery mechanisms (Thompson et al. 2015, Moore and Orth 2002). 

When the flowering shoot of a seagrass separates from the main plant with the seeds attached, it 

becomes a floating flowering shoot (FFS). Floating flowering shoots, which can survive for 

months following detachment, have the potential to disperse over much farther distances (23km in 

6 hours) than seeds released from rooted plants, and are thus likely to play an important role in 

seagrass dispersal and recovery mechanisms (Thompson et al. 2015, Moore and Orth 2002).  

Seeds. Heterozostera produce female and male flowers on flowering shoots developing in 

late spring. Seeds of Heterozostera emerge from the leaf encased in a needle-shaped seed cover, 

called a spathe. Retention of the black spathes is a unique reproductive feature of Heterozostera 

flower.  Most often, spathes fall from the leaves prior to seed release. Mature seeds emerge from 

the spathes as hard, small, black, negatively buoyant seeds (Figure 1-2). 

Resilience 

Coastal habitats, such as seagrasses, demonstrate particular vulnerability to global change 

phenomenon (Grimm et al. 2008), including disturbances from natural and human impacts, such 

as urbanization, reduced water clarity, manual removal and disease events (Short & Wyllie-

Echeverria 1996). As a result of escalating disturbances, seagrass loss continues at devastating 

and increasing rates worldwide (Waycott et al. 2009). The loss of seagrass coverage globally 

amounts to nearly 30% total loss over a period of time spanning just over 100 years (Waycott et 
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al. 2009).   These losses are occurring at rates faster than losses to mangroves and tropical 

rainforests, and correlate with a gross reduction in ecosystem functions and services, such as 

primary productivity, fisheries habitat, and sequestered carbon (Marba 2015).  

Several seagrass species rate at a higher risk of extinction and may require greater effort to 

conserve globally. A report completed for the IUCN Red List of Endangered Species found that 

14% of seagrass species worldwide are at an elevated risk of extinction, primarily due to 

anthropogenic stressors, such as coastal development, leading to a deterioration in water quality, 

increased nutrient loading and physical damages (Short et al. 2011).  A few southern hemisphere 

seagrasses, including Heterozostera, lack data needed to determine speciation, and to assess 

resilience and extinction, which are based on population sizes and range.  

Seagrass meadows are championed as critical ecosystems for mitigating the effects of 

global change (Duarte et al. 2013), and yet they are also likely to struggle to adapt to changing 

environmental conditions (Jordà et al. 2012). Thus, it is no surprise that discussions of seagrass 

resilience (resistance and recovery) are at the forefront of seagrass conservation and management 

policies (Bjork et al. 2008). Recently, a suite of conditions was identified to characterize resilient 

seagrass meadows (Cullen-Unsworth & Unsworth 2016). Seagrasses most likely to survive 

disturbance are characterized with high water quality, favourable water movement, good sediment 

conditions, genetic variability and connectivity, and effective management (Unsworth et al. 2015, 

Bjork 2008). Efforts to reduce stressors and modifiers that affect seagrass resilience, may help 

improve system wide seagrass conditions through implementation of evidence-based strategies 

for conservation (Unsworth 2015). 

Good sediment conditions are created by positive feedbacks from persistent, dense 

seagrass meadows that effectively reduce sediment movement (Suykerbuyk et al. 2015). For 



 

28 | Page 
 

Heterozostera nigricaulis unfavourable water movement that generates wave heights above 0.38 

to 0.43 m exceed the threshold for root anchoring required by this plant. Therefore, H. nigricaulis 

is found growing densely in sheltered areas, such as coastal bays and inlets. H. tasmanica 

however, is also found thriving in more open, coastal nearshore sediments, and is thus likely to 

have a higher threshold for wave heights. In turn, seagrasses may also be able to affect local 

sediment characteristics, resulting in observations of both positive and negative feedbacks for 

seagrass ecosystems themselves (Carr et al. 2015).  

The availability of nutrients in the water column and sediment pores can also affect the 

resilience of seagrass.  For instance, nitrogen influences the growth and expansion of seagrass 

meadows, such as Heterozostera (Hirst et al. 2016). Other chemical components in seagrass 

ecosystems, such as hydrogen sulfide, which interrupt oxygen transfer, can also be beneficial or 

detrimental to seagrass seedling health (Dooley et al. 2013). Bulthuis et al. (1992) assessed 

nutrient limitations on Heterozostera growth in Port Phillip Bay, finding nitrogen and phosphorus 

enriched sediments increased total nitrogen concentrations in plant tissues and the overall height 

of plants, though no effect was detected from phosphorus enrichments. Hirst et al. (2016) 

demonstrates an increase in seagrass coverage where nitrogen loads are increased, especially 

following a long period of drought and in concert with the development of a wastewater treatment 

plant in Port Phillip Bay. 

Biotic and abiotic ecosystem disturbances and stressors may continue with no reprieve, 

such that sufficient time for recovery fails to occur between location and timing of disturbance 

events. For instance, sediment dynamics have been directly correlated with long-term bed 

stability in temperate seagrasses in the Zosteraceae family, where it has been shown that erosive 

forces above a certain threshold can result in runaway losses to established meadows (Suykerbuyk 
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2015), which may further lead to a ‘recovery debt’, even in restored areas (Moreno-Mateos et al. 

2017). However, when ecosystems cannot resist or recover from disturbances and stressors, the 

population is no longer viable, and localized or broad-scale extinction occurs, and seagrass 

ecosystems tend to become dominated by bare sediment or turf algae and can no longer recover 

naturally (Unsworth et al 2015). Research has supported conservation measures that improve 

natural immunity and resistance capacity of seagrass ecosystems as a first line of defense for 

environmental protection (Côté & Darling 2010).  

Assisted Seagrass Recovery and Ecological Restoration 

Ecological restoration is the process of human-assisted recovery of an ecosystem that has 

been degraded, damaged, or destroyed (SER 2002).  The field of restoration ecology has 

demonstrated its global usefulness in several ecosystems (such as streams, forests and wetlands) 

(Wortley et al. 2013). Still, human attempts to curtail seagrass losses through restoration have 

been met with mixed results (Fonseca 2004, Short 2002). The first seagrass restoration guide was 

prepared by C.E Addy (1947), and very little has changed in the way we view seagrass recovery 

mechanisms since that time (Fonseca 2011). A review of seagrass restoration efforts demonstrated 

failures in seagrass restoration can be attributed to lack of knowledge and skill on the part of the 

resource managers, unreasonable expectations for recovery times, continued and escalating 

disturbances in existing beds, lack of long-term monitoring efforts, and a growing reputation for 

projects being futile (Fonseca 2011). In the last 100 years of seagrass restoration, most work has 

been done replicating land-based recovery strategies, largely through transplanting individual 

plantlets and more recently there is growing evidence for effective use of seed. Still, few 

examples of large-scale transplanting successes have been recorded to date and the financial 

burdens of those successes have proven very costly (Waycott et al. 2009, Fonseca 2011). Also, 

large-scale restoration efforts have been shown to be the most effective strategy for achieving 
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success in seagrass restoration worldwide (van Katwijk et al. 2015).  Thus, more work is 

warranted to demonstrate and advance transplanting success in Zosteraceae of Australia.  

Specific rates of Heterozostera recovery through asexual vs. sexual reproduction may vary 

depending upon site conditions, and other parameters, such as temporal and spatial scales. For 

instance, Macreadie et al. (2014) found that recovery of closely related Nanozostera was unlikely 

a result of seed production and therefore unlikely to be as important as clonal reproduction for 

recovery from small-scale disturbances. However, others have found seagrass recruitment from 

seed is critical to large-scale Zosteraceae recovery (Harwell & Orth 2002, Plus et al. 2003, Greve 

et al. 2005, Moore & Jarvis 2008).  More research into clonal (ramets) and sexual (gametes) 

recovery pathways for southern hemisphere seagrass are needed to develop effective human-

assisted resistance and recovery strategies that promote broader seagrass resilience.  

Clonal Fragments (Ramets) 

Thompson et al. (2015) looked very specifically at the issue of long-distance dispersal of 

H. nigricaulis clonal propagules, targeting plantlets and rhizomes as a mode of natural recovery. 

The research demonstrated vegetative fragments might remain buoyant for nearly 3 months, while 

continuing to photosynthesize.  Transplanting trials in the lab were successful, and though field 

trials failed to demonstrate successful establishment due to adverse weather conditions ex-situ, the 

study shows the potentially important role floating fragments may play in long-term dispersal and 

enhancement of genetic diversity.  

Sexual Fragments (Gametes) 

Some effort to reduce costs and enhance restoration success has been demonstrated using 

seagrass seeds (Marion and Orth 2010).  Many studies have been completed to determine the 

optimum environmental conditions for seed germination in Zosteraceae species (Table 1-2). 

While trends emerge in laboratory studies (for instance, germination success can be associated 
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with shallow burial, reduced salinity and incised seed coat), no single, optimum seed priming or 

field condition for restoration through seeding has been identified for this family.  This is 

understandable, as variations in seed production and morphological characteristics occur across 

spatial and temporal scales within genera in the Zosterae, such as Australian Heterozostera 

(Smith et al. 2016).   

Sexual reproduction is likely to play a significant role in global maintenance of seagrass 

beds, at least over evolutionary time (Kendrick et al. 2012). Morphology and phenology of 

flowering events can be highly variable both spatially and temporally, suggesting the plants 

navigate a trade-off between production and return based on environmental conditions (Kendrick 

et al. 2012).  Seagrass populations are known to expend a sizable effort in the production of 

flowering shoots and seeds, resulting in development of genetic diversity and demonstrable 

connectivity that could signal increased resilience capacity (Ehlers et al. 2008). Most seagrass 

seeds are negatively buoyant, but some evidence that Zostera release floating seeds has been 

presented (Churchill 1985). Heterozostera also form small, hard negatively buoyant seeds, which 

may also disperse over long distances (Smith et al. 2018). Some seagrass populations, including 

Heterozostera, expend a sizable effort in the production of flowering shoots and seeds (Smith et 

al. 2016). Observed morphological and phenological variations in flowering events between sites 

and between years suggest possible trade-offs exist between production and return based on 

environmental conditions (Kendrick et al. 2012). Along with phenotypic plasticity, significant 

diversity may be present at the genetic level within and among seagrass beds (Sherman et al. 

2016).  Genetic diversity contributes to a higher level of resilience for seagrasses (Waycott et al. 

2007). Thus, sexual reproduction is likely to play a significant role in maintaining and restoring 

seagrass beds globally (Kendrick et al. 2012). 
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Flowering characteristics of seagrass are driven by temperature, light, nutrients, and in 

some cases, herbivory (Kendrick et al. 2012). Natural cycles of flowering and reproduction have 

been examined between seagrass sites and species in Victoria, Australia (Figure 1-3).  Parry 

(2005) found Heterozostera tasmanica and Nanozostera muelleri flowered at different times in 

Western Port Bay, peaking in November to mid-January and December to January, respectively.  

Average seed densities also varied between species, with 540 to 840 and 490 mean seeds/ m2 

respectively. Seed density varies between species and between sites as well, ranging from 88 to 

890/m2 in Heterozostera tasmanica and a mean of 280, with a maximum of 2,100 /m2 seeds in 

Nanozostera muelleri (Parry et al. 2005). More recently, significant differences in flowering 

characteristics within and between sites in Port Phillip Bay were reported. Specifically, Smith et 

al. (2016) demonstrate multi-year differences in spathe and seed density, which were regularly 

lowest in the north and centre of the bay, intermediate in the Outer Geelong Arm, high in Swan 

Bay, and very high in the Inner Geelong Arm. Flowering occurred from August until December, 

with peak production in October.  Flowering may be attributed to differences in environmental 

conditions between the regions, supporting the critical role of biogeochemical variability in 

seagrass reproductive success.  Links between parameters of the site and flowering characteristics 

are unknown.  
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Table 1-2: Known parameters for optimum Zosteraceae seed germination success 

Zosteraceae 
Species 

Temperature Burial 
 

Salinity Light (L) / 
Dark (D) 

Oxygen Other 
Compounds 

Incised 
Coat 

Author(s) 

Zostera 
marina 

18-20°C 2-4 cm <2000/000  N/A N/A N/A No Jorgensen et al. 

2019  

Xu et al. 2016 

Jarvis and 

Moore, 2015 

McMillan, 1983 

Nanozostera 
muelleri ssp. 
capricorni 

<15°C  <10 00/000 12L/12D Aeration 

improves 

storage 

Gibberellin 

(50ppm), 

KNO3 (0.2%), 

thiourea 

(50ppm) 

Yes Conacher 1994 

Nanozostera 
muelleri ssp. 
capricorni 

16°C  1500/000 - 

3000/000 

N/A No N/A No Brenchley 1998 

Nanozostera 
japonica 

15-20°C  0 00/000 12L/12D N/A N/A No Kaldy et al. 2015 

Nanozostera 
muelleri 

15-20°C  <16 00/000 0L/24 D N/A N/A N/A Stafford Bell et 

al. 2016 

Heterozoster
a nigricaulis 

13°C <2cm 20 00/000 

pulse 

12L/12D N/A N/A Yes Cumming et al. 

(2017) 

Nanozostera 
noltei 

No main 

effect 

 100/000 - 

1000/000 

Natural 

light 

No Gibberellin Yes Loques et al. 

(1990) 

Case Study: Zosteraceae of Victoria, Australia 

Some research into the specific ecology and reproductive characteristics of Heterozostera 

nigricaulis and Nanozostera muelleri in the field have been completed for Port Phillip Bay and 

nearby Western Port, Victoria. Jenkins et al. (2015) details the composite results of a 5-year 

seagrass research project aimed at unraveling key drivers of seagrass and macroalgae resilience in 

the bay.  Seagrasses in the bay are characterized as persistent or ephemeral, based on exposure to 

currents and waves, connection to the bay and through sediment type. In ephemeral areas, large-

scale fluctuations may be considered normal, where large losses in areas of persistent seagrass 

would be a greater cause for alarm. Also, seagrass meadows in the bay are nitrogen limited, with 

the exception of those near the wastewater treatment plant in the western part of the bay. Those 

seagrasses are anomalous and are not characterized as ephemeral or persistent, as they contained 
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finer sediments like persistent meadows, but are also highly exposed to waves and currents 

consistent with ephemeral beds. Also, Swan Bay has a unique nitrogen signature, where microbial 

processes may drive nitrogen cycling (Hirst et al. 2016). These results have demonstrated inherent 

variability of environmental conditions experienced by seagrass communities in Port Phillip Bay.  

The importance of sexual vs. vegetative reproductive propagules warrants further research 

and may vary depending upon specific site conditions and other parameters, such as the size of 

relative disturbances. Warry and Hindell (2009) summarize abiotic and biotic drivers in seagrass 

ecology of Port Phillip Bay, including hydrodynamics, sediments, light, nutrients, water quality 

and floral and faunal assemblages, while also detailing key management considerations, such as 

known threats to seagrass ecosystems, assessment of seagrass condition and options for 

addressing seagrass declines. Parry (2005) advised restoration to proceed with caution in Victoria 

as cues for seed germination need to be better understood before strategies for effective recovery 

of Heterozostera can be generated. 

Parry (2005) specifically reviewed the potential for seagrass restoration from seed in 

Victorian seagrass meadows, including Port Phillip Bay.  In general, he emphasized the 

recommendation by Lord et al. (1999) that seagrass restoration must be undertaken for a minimum 

period of 5 years, noting a great deal more research is needed before a restoration program can be 

initiated to recover lost seagrasses in Victoria.  This could be achieved through studies aimed at 

improving our understanding of (1) species specific seed ecology, (2) interactive effects of marine 

sediments (including turbidity and sedimentation) and seagrass viability, and (3) causes of 

mortality related to temperature, humidity, wind speed and duration of exposure.  Large areas of 

denuded sediments could cause sufficient turbidity to prevent re-establishment by seedlings or 



 

35 | Page 
 

other drifting propagules. Thus, sediment transport models are needed to predict areas where 

seagrass is more or less resilient and likely to establish.   

Most recently, Cumming et al. (2017) completed detailed laboratory studies into the 

germination cues for Heterozostera nigricaulis seeds, finding, similar to Zostera, freshwater 

pulses increased germination, and lower salinities and temperatures resulted in the fastest time to 

germination.  More seeds placed at sediment surfaces germinated than those that were buried. 

Burial depth to as little as 2 cm significantly reduced germination rates, though there was no clear 

trend in the effect of sediment grain size on germination totals.  These results were similar to 

recent studies undertaken in Zostera marina in the far north (Jorgensen et al 2019). Macreadie et 

al. (2014) found that recovery of Nanozostera through seed production was unlikely to be as 

important as asexual production for recovery from small-scale disturbances. Recovery from large-

scale fluctuations was not studied. Others have found that recruitment from seed is critical to 

large-scale recovery events in Zosteraceae (Harwell & Orth 2002, Plus et al. 2003, Greve et al. 

2005, Moore & Jarvis 2008).  Parry (2005) asserts that restoration of seagrass in Victoria through 

seed is possible, though may require innovative methods for seed extraction from existing 

meadows that does not undermine the health of existing plants. Previous studies suggest very low 

rates of germination are to be expected for this species (<20%) (Cumming et al. 2017). Therefore, 

advancement in germination studies and exploration of strategies for the use of seed in restoration 

of Heterozostera are needed. 

Conclusions and Future of Research 

Seagrass provide critical ecosystems, which require conservation. Human assisted 

conservation may be effective in promoting seagrass resilience or adaptation through human 

assisted management and restoration. Seagrass resilience is an inherently complex topic to 



 

36 | Page 
 

communicate as the relationships between seagrass, their environment, and the intensity of 

disturbances over temporal and spatial scales may vary (O'Brien et al. 2018). Still, current trends 

and future threats of loss to seagrasses must be reversed if we are to protect key coastal ecosystem 

functions provided by seagrass meadows, such as provision of fish nursery habitat, carbon 

sequestration, nutrient cycling, and shoreline stabilization.  

The impacts of seagrass habitat loss can extend far beyond coastal habitats, where they 

have been shown to impact both ecosystems and organisms, including threatened and endangered 

species, and human wellbeing (Hughes et al. 2008). Seagrass habitats most likely to survive future 

stress are likely to be characterized by high water quality, favourable water movement, good 

sediment conditions, genetic variability and connectivity, and effective management (Unsworth et 

al. 2015, Bjork 2008). Dispersal of viable propagules may critically support seagrass recovery and 

resilience by promoting genetic variability and connectivity (Kendrick et al. 2012). Thus, research 

expanding knowledge of the autoecology and lifecycle of foundational coastal seagrass species, 

such as Heterozostera (that provide food, raw materials, biological resources, storm and flood 

water abatement, water purification, and carbon sequestration) is urgently needed.  

Human assisted recovery efforts that directly manipulate seagrass propagules have 

demonstrated some success in Australia (Pickerell et al. 2005, Stratton 2011). Success can be 

achieved by using both clonal fragments (Katwijk et al. 2016) and seed (Pickerell et al. 2005, 

Marion & Orth 2010, Infantes et al. 2016). However, the capacity to grow and transplant seed and 

clonal transplants in support of Heterozostera recovery is currently lacking (York et al. 2017).   

Failures in seagrass restoration has been broadly attributed to lack of knowledge and skill 

on the part of the resource managers, unreasonable expectations for recovery times, continued and 

escalating disturbances in existing beds, lack of long-term monitoring efforts, and a growing 
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reputation for projects being futile (Fonseca 2011). Much of the research related to restoration 

ecology of seagrasses is focused in the northern hemisphere. Thus, further research in this field, 

including restoration and recovery capacity for southern hemisphere seagrasses, including 

Heterozostera, are needed.  

Large-scale efforts may be required to restore coastal Heterozostera in Australia as the 

southern coast responds to rapidly changing ocean conditions and face the need to mitigate and 

adapt to global change phenomenon. Large-scale planting efforts have been shown to be the most 

effective strategy for achieving success in seagrass restoration and conservation (Van Katwijk et 

al. 2009, Katwijk et al. 2016). Whether this strategy is effective for Heterozostera is unknown. 

Once seagrass is restored, associated ecosystem function and services also return (Reynolds et al. 

2016). Thus, novel experiments exploring effective aquaculture and large-scale translocation of 

seagrass propagules in Australia are urgently needed to advance restoration science and build 

capacity for seagrass rehabilitation in the southern hemisphere more broadly.   
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Figure 1-1. Illustration of divergent evolutions associated with Heterozostera. 

Summary and connection to mass extinction events is based on matK and RbcL Genes 

(Coyer et al. 2013).  
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Figure 1-2. Australian Zosteraceae.  
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Figure 1-3. Heterozostera nigricaulis sexual reproductive cycle.  A. Over-mature 

flowering shoot; B. Interior needle-like seed sheathe (spathe); C. Maturing ovary; D. Small hard 

seed; E. Germinating seed; F. Seedling with true leaves; G. Mature vegetative shoot. 
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Abstract 

Seagrasses are ecosystem engineers, providing foundational habitat for fish and wildlife 

habitat worldwide. Sediment and nutrient conditions play a critical role in recovery characteristics 

of seagrass following disturbances and loss, including successful establishment and growth of 

reproductive propagules. In Australia, the temperate seagrass Heterozostera nigricaulis Kuo 

dominates subtidal coastal habitats in New South Wales, Victoria, South Australia and Tasmania, 

Australia. In Port Phillip Bay, Victoria, seagrasses providing habitat for commercial and 

recreational fisheries, and tourism. Here we characterize sediment and nutrient levels across 15 

seagrass sites in Port Phillip Bay, Victoria, Australia. Specifically, we sample bay-wide sediment 

grain size, organic carbon, carbonate, nitrogen dioxide (NO2), nitrite (NO2
-), nitrate (NO3

-), 

ammonium (NH4
+) and phosphate (PO4

3-) levels at each site. Analyses demonstrate a complex 

pattern of sediment carbon, carbonate, nitrogen and phosphorus loads are bio-available for 

seagrasses in Port Phillip Bay. As a result, Heterozostera occupy relatively heterogeneous 

sediment and nutrient conditions in the bay. Coupling sediment and nutrient conditions with 

fecundity parameters from other studies, we present evidence for the critical role sediment and 

nutrient conditions play in selection and success of recovery pathways following disturbance of 

Heterozostera. We recommend researchers looking to advance basic seagrass biology and applied 
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restoration projects in Port Phillip Bay consider these results during experimental design by 

stratifying sampling and site selection to maximize controls and variables in examinations of 

ecological conditions of interest for diverse ecosystems, such as Port Philip Bay. 

Keywords 

Seagrass; coastal sediment; nutrients; Australia; mapping 

Background 

Seagrasses are angiosperms evolved into 5 distinct lineages, for example, Zosteraceae, 

which evolved about 100 million years ago.  The families are connected through their unique 

ability to sexually reproduce over vast areas of nearshore marine habitat world-wide (Les et al. 

1997). Though species poor, seagrasses colonize around 200,000 km2 of coastal sediments 

worldwide (Green & Short 2003), and provide several critical ecosystem functions and services 

that human beings rely on. Seagrass meadows are primary producers in nearshore habitat, where 

they bioengineer critical foundational ecosystems, supporting a wide variety of important 

organisms (Barbier et al. 2011), including shorebirds (Jacobs et al. 1981) and commercial 

fisheries (Jackson et al. 2001). Seagrasses, and their associated microbiota, also play a vital role in 

nutrient cycling (Moulton et al. 2016) and long-term carbon sequestration in subsurface anaerobic 

sediments (Fourqurean et al. 2012, Marbà et al. 2015). The ranges of functions and services 

seagrass meadows provide are widespread and well recognized (Dewsbury et al. 2016).  

Spatial and biogeochemical complexity occurs in seagrass habitat (Murray & Parslow 

1999) and variability in nutrient loads is correlated with phenotypic plasticity in Zosteraceae 

(Orth 1977). The extent and density of seagrass populations in any region may be limited by 

measurable physical environmental conditions, including climate (Rasheed & Unsworth 2011), 

exposure (Suykerbuyk et al. 2016, Hirst et al. 2017) availability of light (Carr et al. 2010), 
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hydrological regimes (Fonseca & Bell 1998, Hirst et al. 2016), and substrate stability which affect 

seagrass coverage (Suykerbuyk et al. 2016). Thus, sediment characteristics (such as texture, 

particle size, and nutrient content) can have a significant effect on the growth and vitality of 

seagrasses (Tanner & Parham 2010). In turn, the physical presence of seagrass may affect local 

sediment characteristics, resulting in positive and negative feedbacks in seagrass coverage over 

time (Carr et al. 2015).  

Biological and chemical (nutrient) characteristics of marine sediments also correlate with 

seagrass health and resilience (Unsworth et al. 2015).  For instance, critical nutrients, such as 

carbon, nitrogen and phosphorus are known to promote and inhibit growth of seagrasses. Nitrogen 

sources and their bioavailability to seagrasses may come in several forms naturally present in the 

environment, such as nitrogen dioxide (NO2), nitrite (NO2-), nitrate (NO3-) and ammonium 

(NH4
+). Bio-available phosphorus is derived from PO4

3- (Touchette and Burkholder 2004).  

Seagrasses are highly sensitive to sediment disturbance (Bourque et al. 2015) and 

subsequent recovery of communities from acute losses can be slow (Katwijk et al. 2016) due to 

positive feedback loops between erosion and seagrass loss. Rates of Heterozostera loss and 

recovery during the millennial drought in Australia indicate populations relying on nitrogen 

supplies derived from precipitation related sources (Rivers, drainage basins) may be at greater or 

lesser risk of long-term loss than populations relying on microbially mediated nutrient cycling.  

Widespread trends in loss and recovery have been characterized through mapping efforts and 

demonstrated a correlation between drought and significant reductions in seagrass cover on a site-

by-site basis (Ball et al. 2014, Hirst et al. 2016).  

Here we examine whether observed patterns of sediment and nutrient distribution in a 

nutrient-limited system, Port Phillip Bay, Victoria (Bulthuis et al. 1992) can be correlated with 
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measures of seagrass resilience. The objective of this research is to identify where variability in 

sediment and nutrient conditions can be expected in Port Phillip Bay, and provide case studies for 

current and future analyses of recovery patterns that are observable through time-lapse aerial 

photography and over decadal scales. We expect seagrass coverage in and surrounding meadows 

in Port Phillip Bay will reveal bay-wide heterogeneity in sediment and nutrient conditions 

colonized by seagrass, which may correlate with more or less resilient meadows.  

In completing this research an independent bay-wide sediment and nutrient dataset for 

seagrass associated sediments and surrounding areas is developed. This data is then coupled with 

field sampling and mapping efforts to uncover correlations in the spatial complexity of Port 

Phillip Bay seagrass. Here, we report sediment and nutrient conditions encountered, including 

temporal and spatial analyses, to describe patterns in seagrass coverage and recovery. This 

research has the potential to isolate hotspots of recovery and resistance of Port Phillip Bay 

Heterozostera. 

Methods 

Sediment and Pore-water Collection 
A list of seagrass meadow locations in Port Phillip Bay was derived from published 

literature (Blake 2001, Smith et al. 2016). We attempted to sample each site over the course of 

three weeks. In the end, 15 sites were sampled in Port Phillip Bay, Victoria, Australia (limited 

only by access, safety, and legal issues) from February to March 2016 (Figure 2-1). Sediments 

were collected from two locations within each site: (1) inside the seagrass meadow (I-inside), and 

(2) outside in bare sediments directly adjacent to the meadow (O-outside). Three replicates were 

collected in each location at a minimum distance of 1 m apart. All sediments were collected by 

means of a grab sample using a 100 ml polyethylene container with a 4 cm opening, thus the top 4 
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cm of sediments were collected at each sampling point. Sampling was limited to depth of two 

meters, such that sediments could be collected while snorkeling at low tide. Sediment samples 

were transported in a cooler to the Victorian Marine Science Consortium laboratory, where they 

were stored below 5°C until processing for grain size, total organic carbon and carbonate analysis.   

Seagrass-associated sediments were independently sampled from 14 of the 15 study sites 

to determine sediment pore-water nutrient concentrations.  Six cores samples (40cm wide by 0.5m 

deep) were taken from inside the seagrass meadow using a PVC corer. Upon removal of the PVC 

corers sediment porewater samples (25ml) were collected via syringe. Replicate pore water 

samples were pooled (total 150ml) for each site.  Pore-water samples were transported in a 

polyethylene container on dry ice to the VMSC laboratory where they were immediately frozen  

(-80°C) until processing for determination of nutrient concentrations. Porewater samples were 

analyzed for total phosphate, nitrogen dioxide, nitrate, nitrite and ammonium using flow injection 

analysis by Fisheries Victoria nutrient cycling laboratory. 

Sediment Particle Size Analysis 
Sediment particle size was determined by laser diffraction.  In summary, wet samples 

were vigorously stirred prior to sample injection (~1ml) via a 1.7mm sieve into a Beckman 

Coulter LP 13320 Laser Diffraction Particle Size Analyser.  Sediments were graded over a range 

of grain sizes from 0.375 um to 2000 um.  The mean sediment grain size was calculated for each 

sample, and percentages of clay (size 0.001 to 0.004), silt (size .004 to 0.062) and sand (size .062 

to 2).  Average grain sizes were then converted to Phi (φ) values for sediment texture analyses 

(Wentworth 1922, Blair & McPherson 1999).  Sediment skewness (symmetry) and kurtosis 

(tailedness) were also calculated (JMP 2014) to assess normality and variability in sediment 

sorting across sites and locations. 
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Total Organic Carbon (TOC) and Carbonate (CO3) Content 
Total organic carbon (TOC) and carbonate (CO3) content of the samples was determined 

by loss on ignition (LOI) of TOC and CO3 (Kennedy & Woods 2013). Crucibles were heated to 

400°C for 2 hours. Three (3) grams of moist sediment sample was then added and dried (at 

105°C) for a minimum of 24 hours. Crucibles were then fired for a further 16 hours (at 400°C) to 

evaluate TOC, and subsequently fired for 1 hour (at 1,000°C) to evaluate CO3.  Sediments were 

removed from the furnace and immediately weighed and recorded after each firing.  

Mapping 
Grand Scenic and Clifton Springs seagrass meadows are in close proximity, spanning 

roughly 20 km of shoreline (-38.146186 144.44026 to -38.117556, 144.61347), yet the two sites 

demonstrate a high variability in sediment and nutrient profiles. Changes in seagrass cover for 

each site were estimated from a series of aerial photographs, covering a six-year period (2011-

2017). Seagrass extent for each year was derived from Nearmaps high-resolution imagery, 

exported and projected at GDA_1994_MGA_Zone_55. A combination of Maximum Likelihood 

Classification and manual delineation of polygons was used to create shapefiles of seagrass 

extent. Polygon boundaries are based on observations of seagrass coverages visible from aerial 

imagery (Nearmaps 2017, https://go.nearmap.com). All of the imagery used to derive coverage 

data comes from spring imaging events (April 2011, May 2013, March 2015 and May 2017). To 

create the shapefiles, RGB imagery was changed to greyscale to create more contrast. Polygons 

were then created around the darker pixels between 0 and 5 meters in depth that were estimated to 

be seagrass. Seagrass coverage shapefiles for each year were then overlaid with additional data 

collected (in this case, site nutrients and sediment conditions, and previous polygons of historical 

seagrass colonization in Port Phillip Bay) (Blake 2001). All analyses were completed using 
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ArcMap (version 10.6). The goal of mapping analyses was to see if localized patterns of seagrass 

loss or resilience could be described for these two site types.  

Results 

Particle Grain Sizes 
Grain size frequency distributions were prepared and modeled for each site and location 

(Table 2-1, Figure 2-2) using average grain size calculations (Figures 2-3 and 2-4).  Overall, mean 

grain size from Port Phillip Bay seagrass-associated sediment samples correlates with fine sand 

(2.58 φ). Mean grain sizes sampled from inside (2.69 φ) and outside (2.48 φ) Port Phillip Bay 

seagrass meadows were also both composed of fine sand (Figure 2-5).  Mean sediment grain sizes 

inside seagrass meadows are between 0.76-1.68 percent clay, 1.36-30.61 percent silt, and 67.09-

98.10 percent sand.  Outside of seagrass meadows the mean sediment grain sizes for each site 

range from just 0.04-0.23 percent clay to 0.40-20.79 percent silt and 77.73-99.52 percent sand. 

The greatest variability occurs in the silt and sand contributions regardless of the sampling 

locations. 

A two-way analysis of variance reveals highly significant interactive effects of site and 

location on sediment grain size. Table 2-2 summarizes significant differences detected between φ 

of site, location and site x location. Tukey’s test for highly significant differences demonstrate 

sediments at Point Henry are significantly finer than sediments at Blairgowrie, Sorrento, Edwards 

Point and Rosebud regardless of location (Figure 2-6).  

A significant main effect of site was detected between the mean sediment grain sizes 

sampled. Tukey’s test between the mean sediment grain sizes revealed Grand Scenic and Point 

Henry have significantly finer average sediment grain sizes (3.01φ and 3.08φ, respectively) 

compared to sandier sites like Clifton Springs (2.60 φ), Kirk Point (2.59 φ), Portarlington (2.41 
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φ), Blairgowrie (2.09 φ), Sorrento (2.08 φ), Edwards Point (2.06 φ) and Rosebud (1.91 φ).  A 

highly significant main effect of location was also detected using the student’s t test, 

demonstrating that sediments sampled inside seagrass beds are on average smaller than sediments 

outside of beds. However, this is not always the case. Average sediment grain sizes from 

Geelong, Kirk Point and Williamstown were finer outside of the meadow than samples taken 

inside the meadow (Figure 2-7).  

Table 2-1: Summary of mean sediment grain size and mean percent clay silt and sand 

Site Location Mean 
Phi 

Standard 
Deviation 

% Clay % Silt % Sand 

Altona Inside 2.98 0.25 1.15 12.40 85.94 

Altona Outside 2.73 0.07 0.65 5.57 93.32 

Avalon Inside 3.26 0.21 1.68 30.61 67.09 

Avalon Outside 2.28 0.82 1.05 17.00 89.46 

Blairgowrie Inside 2.21 0.26 0.70 10.10 88.93 

Blairgowrie Outside 1.97 0.13 0.06 0.40 99.52 

Clifton Spring Inside 2.63 0.32 0.83 14.09 84.74 

Clifton Spring Outside 2.57 0.27 0.78 13.96 89.56 

Edwards 

Point 

Inside 2.15 0.23 0.33 1.36 98.10 

Edwards 

Point 

Outside 1.96 0.19 0.35 1.18 98.30 

Geelong Inside 2.60 0.13 1.07 9.45 88.89 

Geelong Outside 3.19 0.23 1.10 10.94 87.07 

Grand Scenic Inside 3.24 0.06 0.76 29.09 69.79 

Grand Scenic Outside 2.95 0.14 0.72 12.47 86.38 

Grassy Point Inside 3.22 0.13 1.49 21.88 76.09 

Grassy Point Outside 2.26 0.65 0.69 8.52 90.53 

Kirk Point Inside 2.49 0.52 0.76 9.72 89.07 

Kirk Point Outside 2.70 0.58 0.52 5.99 93.02 

Point Henry Inside 3.12 0.17 0.93 26.18 72.45 

Point Henry Outside 3.05 0.25 0.99 20.79 77.73 

Portarlington Inside 2.53 0.14 0.47 3.07 96.04 

Portarlington Outside 2.29 0.17 0.50 3.33 95.80 

Rosebud Inside 2.07 0.72 0.54 14.18 85.00 

Rosebud Outside 1.74 0.32 0.33 3.71 95.80 

Sorrento Inside 2.21 0.15 0.82 10.30 88.43 

Sorrento Outside 1.94 0.12 0.41 3.71 95.67 

Swan Bay Inside 3.00 0.29 0.64 21.63 77.45 

Swan Bay Outside 2.71 0.12 0.49 15.31 83.98 

Williamstown Inside 2.67 0.07 0.39 1.48 97.73 

Williamstown Outside 2.78 0.04 0.12 0.69 99.02 
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Table 2-2. Effect summary of mean Phi values 

Source Nparm DF Sum of 
Squares 

F Ratio Prob > F 

Site   14 14 25.173968 16.9319 <.0001* 
Location    1 1 2.130902 20.0653 <.0001* 
Site*Location   14 14 6.426479 4.3224 <.0001* 
* Asterisk denotes a statistically significant result 
 

The standard deviation, skewness and kurtosis of mean sediment grain sizes are also 

calculated for each site and location to assess whether the grain size data is normally distributed. 

Average values for sediment grain size distribution reveal sediments in seagrass meadows range 

from moderately sorted to very well sorted, and average skewness ranged from poorly sorted to 

very well-sorted outside of seagrass-associated sediments.  Mean skewness in sediment samples 

was not significantly different between sites or locations, including combined effects (Figure 2-8).   

Significant differences in mean kurtosis were discovered through a two-way ANOVA test 

for variability across site and location.  A highly significant combined effect of site and location 

was detected in kurtosis measurements (Table 2-3). Tukey’s test for highly significant differences 

between mean kurtosis values demonstrates mean sediment samples taken adjacent to Grand 

Scenic have greater average kurtosis values (leptokurtic) compared to sediment profiles outside of 

Avalon and Blairgowrie. Grand Scenic sediments from outside the seagrass meadow also 

demonstrate significantly greater kurtosis or uniformity than sediment grain size distributions 

sampled from inside seagrass meadows at Sorrento, and both locations at Clifton Springs, 

Geelong, and Rosebud (Figure 2-2, 2-9) where distributions are more evenly distributed between 

size classes (platykurtic).  
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Table 2-3: Effect summary of kurtosis values 

Source Nparm DF Sum of 
Squares 

F Ratio Prob > F 

Site 14 14 934.34059 4.5513 <.0001* 
Location 1 1 28.14062 1.9191 0.1680 

Site*Location 14 14 634.59719 3.0912 0.0003* 

* Asterisk denotes a statistically significant result 

 

Total Organic Carbon (TOC) and Carbonate 
Total organic carbon levels in the top 50 mm of sediment collected inside seagrass 

meadows in Port Phillip Bay varied across the sampling area, averaging 1.90% bay wide. 

Sediments from the top 50mm outside of seagrass beds averaged just 1.18% bay wide. Mean 

values for TOC are summarized in Table 2-4 (Figure 2-10).  The greatest levels of organic carbon 

were recorded from surface sediments sampled inside seagrass meadows at Avalon (15.76%) and 

the lowest organic carbon levels were recorded inside seagrass meadows at Edwards Point 

(1.02%). The highest level of carbon outside of seagrass meadows was recorded at Grassy Point 

(5.74%) and the lowest levels of carbon were recorded outside of Edwards Point (0.57%). One-

way analysis of variance demonstrates significant combined and main effects of site and location 

on TOC (Table 2-5).   

Tukey’s test reveals seagrass meadows with finer sediments at Avalon (6.51%), Swan Bay 

(3.97%) and Grand Scenic (3.91%) have significantly more carbon than sediments inside the 

sandier ephemeral seagrass meadows of Kirk Point (1.18%), Geelong (0.71%), Clifton Springs 

(1.25%), Sorrento (0.91%), Rosebud (1.17%), Edwards Point (0.62%), Portarlington (0.61%) and 

Williamstown (0.49%).  However, sediments from inside Avalon, Swan Bay and Grand Scenic 

have significantly more carbon than sediments collected from outside meadows in finer textured 

sediments as well, including Grand Scenic (1.10%), Altona (0.94%), Kirk Point (0.86%), 

Blairgowrie (0.78%), Geelong (0.69%), Portarlington (0.61%), Rosebud (0.62%), Williamstown 
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(0.59%) and Edwards Point (0.44%). This suggests external or larger scale sources of carbon may 

be critical to sediment carbon levels in the bay. Main effects of site and location are also 

independently significant.  

Table 2-4. Summary of mean percent carbon (TOC) and carbonate (CO3) content 

 

 

Table 2-5. ANOVA summary of mean organic carbon content 

Source Nparm DF Sum of 
Squares 

F Ratio Prob > F 

Site 14 14 175.02695 10.5894 <.0001* 
Location 1 1 48.77232 41.3112 <.0001* 
Site*Location 14 14 60.09269 3.6357 <.0001* 

* Asterisk denotes a statistically significant result 

 

Significant differences in mean carbonate levels were detected using a two-way analysis 

of variance by site, location and site x location. Carbonate levels overall were not significantly 

different between locations (inside and outside) of the seagrass meadows. However, differences in 

sediment carbonate levels were significant between sites (Table 2-6).  Using Tukey’s test 

Sorrento (17.12%), Grassy Point (16.59%) and Avalon (16.22%) recorded significantly higher 

carbonate levels in the sediments than Geelong Harbour (1.62%).  Overall, carbonate levels in the 
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sediment samples ranged from 1.01 to 20.05% by weight (Figure 2-9). The site with the highest 

mean carbonate value was sampled at Grassy Point, outside of the meadow (20.05%).  The 

highest mean carbonate in sediments sampled inside seagrass meadows was recorded in Sorrento 

(16.50%).  The lowest mean levels of carbonate were also found in sediment sampled outside of 

seagrass meadows and was recorded in Williamstown (1.01%). The lowest levels of carbonate 

inside seagrass meadows were recorded at Geelong Harbour Harbour (2.17%). Similar to other 

studies (Cammem 1982), these results demonstrate a significant correlation between grain sizes 

and TOC in Heterozostera nigricaulis associated sediments, where finer sediments may have 

exponentially more carbon (Figure 2-11). 

Table 2-6: ANOVA summary of carbonate content 

Source Nparm DF Sum of 
Squares 

F Ratio Prob > F 

Site 14 14 4366.7794 5.4889 <.0001* 
Location 1 1 34.6420 0.6096 0.4365 

Site*Location 14 14 439.1127 0.5520 0.8966 

* Asterisk denotes a statistically significant result 

 

Nitrogen and Phosphorus 
Levels of nitrogen (NO2, NO3, NO23, and NH4

+
,) and phosphorus (PO4

3-) were sampled 

(n=6) and pooled for each of 14 seagrass sites in Port Phillip Bay (Table 2-7, Figures 2-12 to 2-

17). The highest levels of individual nitrogen compounds (NO2, NO3, NO23, NH4
+

,) were 

recorded at Williamstown (50.0 ug/L), Sorrento (82.0 ug/L), Sorrento (88.0 ug/L), and 

Williamstown (961 ug/L) respectively. The lowest levels of individual nitrogen compounds (NO2, 

NO3, NO23, and NH4
+) were measured at Clifton Springs (1.35 ug/L), Altona (0.0 ug/L), Altona 

(0.83 ug/L), and Altona (3.36 ug/L) respectively.  Total combined levels of nitrogen were highest 

in seagrass beds from Williamstown, followed by Blairgowrie, Kirk Point, Swan Bay and Grand 

Scenic, respectively.   The highest levels of phosphate (PO4
3-

  ug/L) were recorded from 
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Williamstown (916 ug/L) and Kirk Point (831 ug/L) and the lowest levels of phosphate were 

recorded at Edwards Point (11 ug/L), followed by Rosebud (35 ug/L), and Blairgowrie (45 ug/L). 

Overall, nitrogen contributions were dominated by ammonium (Figure 2-13).  

Table 2-7: Results from pooled nutrient samples 

Site PO4
3- ug/L NO23 ug/L NO2 ug/L NO3 ug/L NH4+ ug/L 

Altona 481 0.83 2.19 0 3.36 

Avalon 363 26 7.52 18 541 

Blairgowrie 45 84 8.5 76 1437 

Clifton 

Springs 

170 18 1.35 17 201 

Edwards Point 11 20 2.75 18 590 

Geelong 85 60 3.88 56 165 

Grand Scenic 501 50 4.02 46 885 

Grassy Point 108 15 2.19 13 119 

Kirk Point 831 41 11 30 1241 

Point Henry 384 22 2.61 20 456 

Rosebud 35 23 2.89 20 124 

Sorrento 294 88 6.68 82 189 

Swan Bay 360 26 3.88 22 1178 

Williamstown 916 50 50 0.24 1987 

Mapping 

Mapping of seagrass cover across Port Phillip Bay from 2000 to 2010 revealed a decade 

long period of unrelenting seagrass gains (~300%). Total coverage bay-wide was remotely 

estimated to expand from four hectares to 11.8 hectares (total gain = 7.8 hectares) (Figure 2-18) 

over a ten-year period following the millennium drought.  More refined mapping of two nearby, 

but very different sites, including Clifton Springs (Figure 2-19), an ephemeral, low nutrient 

meadow, and Grand Scenic (Figure 2-20), a persistent, higher nutrient meadow, revealed spatial 

patterns of recovery from 2011 to 2017. Clifton Springs is characterized by sandier and lower 

nutrient conditions than Grand Scenic, which was observed with some of the highest nutrient 

levels and finer sediments. The largest recovery in terms of percent gain occurred in the 

ephemeral meadow at Clifton Springs (+83.8 hectares, 66% gain), although nitrogen and 

phosphorus levels are significantly lower at Clifton Springs. Recovery there occurred in a patchy 
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matrix of laterally expanding range. Grand Scenic seagrass grows in a more persistent large patch 

that remained intact during losses. Substantial gains were made in total cover by the Grand Scenic 

meadow, however, in terms of percent cover, Grand Scenic recovered much less seagrass area 

than Clifton Springs over the same time period (+52.5 hectares, 14%) following the drought. This 

suggests recovery from ephemeral/transient, low-nutrient seagrass meadows such as Clifton 

Springs may be more rapid than in more persistent, fine sand and high-nutrient meadows such as 

Grand Scenic. 

Discussion 

We provide a dataset for baseline sediment and nutrient conditions encountered by 

Heterozostera beds in Port Phillip Bay. The data demonstrate a high degree of variability in 

sediment and nutrient conditions present between some sites and locations. These may be thought 

of as site-specific “signatures”, based upon variability in sediment types, nutrients and geography.  

These variations are important for researchers to understand when assessing and planning for 

seagrass conservation and restoration.  

Grain-size distributions reveal some trends in the composition of the top 40mm sediment 

bay-wide. Evidence of bimodal peaks and strongly leptokurtic distributions should be investigated 

further as these suggest seagrasses face variable sorting conditions that could favour or impact 

seagrass resilience.  Overall, grain sizes in sediments located outside and adjacent to seagrass 

meadows have similar grain size distribution “signatures” than sediment between sites.  Still, 

different sediment signatures emerged inside and outside of the meadows (such as Avalon, 

Geelong and Grassy Point). The reasons behind variability in bay-wide distributions has been 

linked to terrigenous relationships which shaped the land over several epochs (Holdgate et al. 

2001). Examined in more depth, relationships between historic and current sediment conditions 
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may be valuable for connecting sediment and nutrient signatures to broader resilience and 

vulnerability, of Port Phillip Bay seagrass meadows.  

The skewness and kurtosis of mean grain sizes distributions between inside and outside 

locations within each site most often closely mirrored each other, rather than mirroring other 

samples from the sample bed location.  Outside of meadows, distributions were generally more 

skewed than inside, and presented greater kurtosis (steeper peak and more robust tails) in samples 

from within seagrass meadows, where sedimentation is abated, and particles are trapped within 

the ribboned leaves. This demonstrates similar to other Zosteraceae species, sediments inside 

Heterozostera beds are often slightly better sorted than those outside of seagrass beds.  The 

exception to this was in Geelong Harbour, where the sediments outside the seagrass meadow were 

better sorted than those collected inside. This could indicate in-situ turbidity (Garcia 1994), which 

was the condition encountered during the day of sampling.    

A correlation between TOC and sediment grain size so it can be expected that seagrass 

meadows with very fine sand will contain greater amounts of organic carbon in the top 5 cm of 

sediment than sites dominated by medium sand. In some cases, sediments outside of the seagrass 

meadow boundary maintained a notable amount of carbon as well.  These carbon peaks 

coinciding with samples taken ‘outside’ of seagrass meadows, may be due to the large size of the 

meadows because bare patches located within a larger matrix of seagrass bed (such as Point 

Henry and Swan Bay), or a site that could only be accessed shoreward of the meadow (Clifton 

Springs) were sampled from denuded areas surrounded by seagrasses. At all other sites, these 

sediment samples were extracted fully outside of the seagrass meadow.  This demonstrates 

patches of bare sediments, especially those protected within existing meadows, are capable of 
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retaining sediment carbon even when rooted plant material is absent. Whether presence of carbon 

or other nutrients attracts or repels propagule recruitment is unknown.  

Trends in nitrogen loads sampled from the bay support independent reports on nitrogen 

and carbon levels in Port Phillip Bay seagrass sediments (Hirst et al. 2016).  Namely, nitrogen and 

carbon levels in seagrass meadows can be extremely variable, supporting a heterogeneous matrix 

of seagrass habitat. Nitrogen form and base levels in the bay are known to vary depending on the 

sampling site, where observed dominance in one form of nitrogen may or may not preclude high 

levels of other nitrogen forms (Heggie et al. 1999, Hirst et al. 2016). In our study for instance, 

nitrogen signals at Sorrento are consistently higher than Swan Bay; however, at Swan Bay, 

ammonium levels spike up, whereas ammonium levels in Sorrento decrease.  However, at other 

sites increased levels in all forms of nitrogen remain consistently high, such as at Blairgowrie. 

Pore-water nitrogen (NO2, NO2-, NO3-), including ammonium (NH4
+) (ug/L) levels display 

similar trends in relative contribution to bay-wide nitrogen, but some anomalies were observed in 

ammonium levels at Geelong and Sorrento, and in a dip in NO3- at Williamstown.  Anomalous 

increases were also observed in ammonium at Edwards Point and Swan Bay sites.  The role 

variability in nutrients may have on reproductive success is unknown. Gains in understanding the 

source and sinks for nitrogen in Port Phillip Bay seagrass ecosystems can help managers 

understand potential linkages to meadow vulnerability and resilience. Also, given the relative 

importance of nitrogen for seagrass growth (Bulthuis et al. 1992), specific correlations between 

nitrogen availability and seagrass cover and recovery could target specific meadows, such as 

ammonium rich and poor sites, to determine how variability affects longer term trends in 

resistance and recovery in the future. 



 

61 | Page 
 

Through GIS mapping efforts, we were able to spatially analyse ecological data in Port 

Phillip Bay, further demonstrating heterogeneity in basic sediment and nutrient conditions and in 

recovery trajectories for ephemeral vs. persistent meadows following the millennial drought. 

Overall, seagrass sites in Port Phillip Bay demonstrated significant levels of recovery from 2000-

2011, though the patterns of recovery are spatially variable over the 6-year period.  For instance, 

less stable (ephemeral) but resilient seagrass populations, such as Clifton Springs, may recover 

very quickly when conditions become more favourable following a disturbance (such as return of 

nutrients lost during the millennial drought), even where meadows experienced near total loss. In 

contrast, we demonstrate more permanent seagrass meadows may have longer recovery periods 

than ephemeral sites. Also, we observed patterns of increases in areal coverage of seagrass 

meadows over time tend to extend outwards from established portions of the bed. This may 

suggest an important role for clonal, rather than seed-based recovery. Causes for these different 

rates of recovery are unknown but may be related to a positive ‘edge-effect’ on signaling clonal 

recovery, which would occur much faster with greater edge areas observed in ephemeral beds, 

and faster than successful sexual reproduction alone. Recognizing patterns in pathways for 

recovery may empower restoration ecologists to derive strategies for assisted recovery that builds 

on the natural recovery capacity of Heterozostera. 

Finally, our findings support the results of other researchers who demonstrate carbon 

accumulates in higher densities in sediments with smaller particle sizes, and particularly in clays 

and particles that have rough surfaces (Vogel et al. 2014) and hypothesize that surface roughness 

of particles may support habitats suitable for another potential nutrient resource, microbes. The 

dearth of variance demonstrated between sediment and nutrient conditions and the patterns of 

recovery following loss suggest that site-specific sediment grain size and nutrient signatures exist 

in seagrass meadows. These differences may further be explained by elements of terrigenous 
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detritus and hydrology that affect particle sorting in the bay (Holdgate et al. 2001).  The 

connections between site specific signatures and microbial ecology and function in Port Phillip 

Bay seagrass beds may lead to important discoveries in seagrass resilience in the southern oceans.  

Summary 

We reveal a complex pattern of sediment grain size distributions, carbon, carbonate, 

nitrogen and phosphorus loads are bio-available for seagrasses in a semi-enclosed coastal bay in 

the southern hemisphere. Sediment grain sizes collected between 15 sites and across two site 

locations demonstrated similarities and significant differences. In this study, coupled nutrient and 

sediment grain size data did not translate into clear patterns of increasing, stable or decreasing 

populations over seagrass study sites. This suggests Heterozostera persist in a diverse and 

complex matrix of localised ecological conditions. However, decadal trends in recovery at 

multiple sites suggest forces operating at broader regional levels, such as drought, may have a 

greater effect on the probability of increasing, or decreasing, annual coverage. These efforts in 

characterizing seagrass associated sediments in PPB support ongoing work to understand 

Zosteraceae population trends. Observed trends have led to characterisation of seagrass 

populations in Victoria described as ephemeral, permanent and semi-permanent in Australian 

Heterozostera (Jenkins et al. 2015). These classifications are supported by our study and yet 

suggest more complex site-specific “signatures” or possibly clustering of ecological conditions 

affect Heterozostera resilience. Further work is needed to be evaluate whether sediment and 

nutrient conditions at regional and local hydrological scales may be considered drivers of seagrass 

resilience. Future researchers may refine their experimental design and sampling efforts based on 

observed variations in sediment types when questions of ecological relationships between 

sediments and seagrass communities are presented. We hope this study will allow for the 



 

63 | Page 
 

development of advanced hypotheses and models regarding sediment-nutrient relationships in 

seagrass ecosystems.  
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Figure 2-1. Vicinity Map 
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Figures 2-2.1: Comparative grain size frequency distributions from sediment samples taken 
at both locations at Avalon 
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Figures 2-2.2: Comparative grain size frequency distributions from sediment samples taken 
at both locations at Altona  
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Figures 2-2.3: Comparative grain size frequency distributions from sediment samples taken 
at both locations at Blairgowrie 
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Figures 2-2.4: Comparative grain size frequency distributions from sediment samples taken 
at both locations at Clifton Springs 
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Figures 2-2.5: Comparative grain size frequency distributions from sediment samples taken 
at both locations at Edward Point  
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Figures 2-2.6: Comparative grain size frequency distributions from sediment samples taken 
at both locations at Geelong 
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Figures 2-2.7: Comparative grain size frequency distributions from sediment samples taken 
at both locations at Grassy Point 
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Figures 2-2.8: Comparative grain size frequency distributions from sediment samples taken 
at both locations at Grand Scenic 
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Figures 2-2.9: Comparative grain size frequency distributions from sediment samples taken 
at both locations at Kirk Point 
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Figures 2-2.10: Comparative grain size frequency distributions from sediment samples 
taken at both locations at Portarlington 
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Figures 2-2.11: Comparative grain size frequency distributions from sediment samples 
taken at both locations at Point Henry 
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Figures 2-2.12: Comparative grain size frequency distributions from sediment samples 
taken at both locations at Rosebud 
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Figures 2-2.13: Comparative grain size frequency distributions from sediment samples 
taken at both locations at Sorrento 
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Figures 2-2.14: Comparative grain size frequency distributions from sediment samples 
taken at both locations at Swan Bay 
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Figures 2-2.15: Comparative grain size frequency distributions from sediment samples 
taken at both locations at Williamstown 

. 
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Figure 2-3. Mean fines distributions for each site and location 
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Figure 2-4. Mean sand contribution for each site and location 
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Figure 2-5. Mean grain size distribution in Port Phillip Bay seagrass meadows. 
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Figure 2-6. Mean sediment grain sizes in seagrass meadows of Port Phillip Bay 
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Figure 2-7. Summary of mean sediment grain sizes inside and outside predominant seagrass 
meadows in Port Phillip Bay 
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Figure 2-8. Skewness by site 
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Figure 2-9. Mean kurtosis by site 
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Figure 2-10. Total percent organic carbon and carbonate by site 
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Figure 2-11. Mean percent organic carbon generally increases exponentially with smaller 
average sediment grain sizes across sites Port Phillip Bay 
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Figure 2-12. Nutrient levels (ug/L) from seagrass sampling sites  
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Figure 2-13. Contribution of forms of nitrogen (ug/L) at each site 
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Figure 2-14. Mapping NO2 (ug/L) at each Port Phillip Bay sampling site 
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Figure 2-15. Mapping NO2
-
 (ug/L) at each Port Phillip Bay sampling site 
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Figure 2-16. Mapping NO3 - (ug/L) at each Port Phillip Bay sampling site 
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Figure 2-17. Mapping NH4
+

 (ug/L) at each Port Phillip Bay sampling site 

 

Back to Nature Design LLC



 

96 | Page 
 

 

Figure 2-18. Changes in seagrass coverage, 2000 - 2010 
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Figure 2-19. Changes in seagrass coverage at Clifton Spring, 2011 - 2017 
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Figure 2-20. Patterns of seagrass coverage at Grand Scenic (2011 – 2017) 
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Abstract 

Despite its critical importance, seagrass loss persists around the world, and is escalating.  

Globally, efforts to recover lost seagrasses have been met with mixed success, and largely focus 

on the widespread northern hemisphere Zosteraceae, Zostera marina L. Specific methodology for 

restoration of southern hemisphere seagrass species is lacking. We describe a method for 

acquiring seed from a dominant subtidal southern hemisphere Zosteraceae, including protocol for 

targeting collections, transporting, culturing, and processing and storing Heterozostera seed. This 

research also demonstrates black seeds are significantly more viable than either red or yellow 

seeds immediately following release from the spathe (Day 0). Also, after 12 months of storage in 

cooler/darker water a significant positive effect of refrigeration on long-term viability of black 

seeds was detected. We found no evidence that seed surface sterilisation (3% hydrogen peroxide) 

or seawater sterilisation (SSW) improved long-term seed viability during storage periods. Overall, 

the studies advance knowledge of biotic and abiotic ecology of Heterozostera seed, which may be 

useful for temperate intertidal seagrass conservation and restoration in Australia. 

Keywords 

Seed collection; Heterozostera; Seagrass; Seed storage; Viability; Sterilisation; Disease; 

Restoration 

Introduction 

Seagrasses are aquatic angiosperms engineering critical coastal habitat for commercial and 

recreational fisheries, stabilizing nearshore and estuarine sediment and contributing to primary 

production and nutrient cycling, which human populations rely on (Nordlund et al. 2018). 



 

100 | Page 
 

Seagrasses are defined by their ability to complete their entire life cycles, including reproduction, 

immersed in marine environments (Les et al. 1997). While seagrass are recognized globally for 

their critical provision of ecosystem functions and services, they are also extremely vulnerable to 

disturbances.  

Acute losses of seagrasses occur and are escalating across the world (Waycott et al. 2009).  

Losses to seagrass may occur as a result of natural causes (such as hurricanes, earthquakes, 

disease and grazing), but also from anthropogenic disturbances, especially those that reduce water 

clarity (nutrient and sediment runoff, dredging and filling, pollution, development, and fishing 

pressures) (Short & Wyllie-Echeverria 1996). While seagrasses may be able to re-establish 

following disturbance, they are unlikely to re-establish associated ecosystems services that have 

been lost for a minimum of 10 years (Reynolds et al. 2016). Thus, losses of seagrasses result in 

long-term cascading effects on seagrass-dependent biological communities.  Human-assisted 

recovery and ecological restoration are often required to re-establish lost seagrass populations. 

Thus, specific resistance and recovery pathways for disturbed seagrasses are a growing focus of 

coastal managers and seagrass biologists.  

Seed is an example of a sexual pathway for recovery. Seeding has been used restore bare 

sediments/soils in wild Zosteraceae populations for nearly 75 years (Brenchley and Probert, 

1996). Due to large-scale and widespread success, seed-based techniques are championed for use 

in conservation and restoration efforts (Marion & Orth 2010, Shafer & Bergstrom 2010). 

However, specific studies of seed germination, dormancy and long-term storage methods that 

have been conducted to date are largely focused on Zostera marina (Dooley et al. 2013; Granger 

et al. 2002; Infantes et al. 2016; Marion and Orth 2010; Xu et al. 2016).  Protocols for 
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establishing collection and storage of vast quantities of Zosteraceae seed in the southern 

hemisphere have not been widely studied.    

Research on collection and storage methods that have been completed for seed in the 

southern hemisphere have focused on the more widely distributed intertidal Australia and New 

Zealand seagrass, Nanozostera muelleri ‘complex’ (Brenchley and Probert, 1998; Conacher et al. 

1994). Some physiological and physical seed dormancy exists in Zosteraceae (reviewed in Orth et 

al. 2000), and variable salinity, temperature, scarification and light conditions have demonstrated 

some effects on dormancy in this family. Also, seed colour has previously been correlated with 

seed maturity and viability in Zostera (Xu et al. 2016), but no examination of seed viability based 

on colour have been conducted for Heterozostera.  

Heterozostera nigricaulis Kuo (2005) is a common and widespread southern hemisphere 

subtidal seagrass found in temperate Australia, including Tasmania, and with more recent 

introductions in Chile (non-flowering) (Smith et al. 2018). Flowering shoots generate seed 

“spathes”, which are a complex, multi-ovary flowering structure, containing 4 to 16 seeds and 

associated pollen tubes in a strongly organized set of rows (Kuo 2005). Methods for obtaining and 

processing viable Heterozostera seed are needed to progress seed ecology and ecological 

restoration studies in temperate Australia, including Port Phillip Bay and Bass Strait in Victoria 

and South Australia. 

While intense flowering events are regularly observed in some Heterozostera nigricaulis 

populations, flowering itself is not uniform within or between meadows, and near total annual 

loss of any seed bank can be expected in Heterozostera associated sediments each year (Smith et 

al. 2016), suggesting the plants may not rely on seed for survival over multi-year time scales.  

Early work has shown variation in seed production and morphology between meadows is 
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common in temperate southern hemisphere Heterozostera (Smith et al. 2016). Optimum 

environmental conditions for promoting or inhibiting Zosteraceae seed germinations are 

summarized in Table 2-1. Optimum environmental conditions for germination have been explored 

for many species, particularly Zostera marina in the Northern hemisphere. Determining optimum 

conditions and mechanisms to support seed germination and dormancy may provide applied 

techniques for flowering shoot collection, storage, transport and storage of Heterozostera 

nigricaulis.  

The goal of this research is to provide practical methods for collection, transport and 

storage of Heterozostera reproductive materials in support of advancement in land-based 

techniques where seagrass seed storage, aquaculture, restoration or plant nursery operations may 

be desired. Protocol used for successful acquisition of viable Heterozostera seed, including 

flowering shoot collection, material transport and seed processing could contribute to the 

advancement of at least 40 pressing research questions seagrass biologists agree on today (York et 

al. 2016).  

Methods 

Site Selection  
In early spring, four sites known to produce seagrass were scouted in Port Phillip Bay 

(Point Henry 38°08'34.8"S 144°25'06.3"E, Edwards Point 38°07'12.6"S 144°41'33.0"E, Swan 

Bay 38°14'51.9"S 144°38'03.9"E, and Blairgowrie 38°21'58.9"S 144°48'35.6"E) (Smith et al. 

2016). Flowering shoot and seed density were qualitatively evaluated through snorkeling and 

evaluating flowering shoot densities to determine which site(s) would be targeted for sampling.  
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Collection, Transport and Processing 
Mature flowering shoots were opportunistically gathered by hand while wading into the 

meadow with 15 L plastic baskets. Collected flowering materials were gathered over a 4-week 

flowering period observed between November and December 2016. Once the flowering shoot 

material was gathered, the buckets were filled with ambient seawater, and transported to the 

Victorian Marine Science Consortium in Queenscliff, Victoria, Australia. Upon arrival, flowering 

shoots were immediately relocated and combined within a 1000L plastic tank with aerated, flow-

through ambient seawater (<2 hours), where plants were allowed to float. Flowering shoots were 

allowed to continue growing and develop in this shaded outdoor tank until mature seed spathes 

fell or were sieved away (.45mm) from the shoots (Figure 3-1). Once spathes emerged from the 

leaf tissue, seeds began to fall away and could be collected. Gathered seeds were stored in 1 L 

tanks with flow-through seawater and mild aeration.  

Seed Viability  
To test for viability in all treatments, the embryo of each seed was extracted from the seed 

coat and placed in a tetrazolium solution (1%) for 24 hours (Figure 3-3).  Seed radicles that 

appeared reddish-brown or pink were considered viable (Dooley et al 2013). Any seeds that were 

rotted, collapsed or exploded when pinched with tweezers were considered no longer viable. 

Seed Colour  
To determine if seed colour correlates with significantly more viable Heterozostera seed, 

three replicates (n=10 seeds) for each of three seed colours observed in the lot of seed (yellow, 

red, and black; see figure 2) were placed into individual 6 cm square, nylon mesh bags and stored 

in ambient flow-through seawater for 2 months (n=9). After 3 months in storage, seeds were 

removed from the treatment and assessed for colour to determine if any seeds changed colour 

during the course of the treatment. Additionally, all seeds were tested for viability.   
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Temperature and sterilization effects on dormancy 
The effects of temperature and sterilization on Heterozostera seed dormancy were 

evaluated by comparing variability in mean seed viability over a 12-month period. Experimental 

units were composed of 30 sterilized (3% hydrogen peroxide) or unsterilized (control) seeds 

placed in either sterile or control seawater. Seawater was sterilized by placing 25 L of ambient, 

filtered seawater in a capped polystyrene bottle, autoclaving at 120oC, for a total of 20 minutes 

(Lotrario et al. 1995). Experimental units were filled directly from a central sterile seawater 

(SSW) reserve that was maintained at 16 oC in a refrigerated laboratory.  Finally, treatments were 

stored in cool/dark (6oC) or ambient [unrefrigerated (19 to 21 oC) and natural light] conditions. 

Independent replicate experimental units for each seed treatment (n=4) were removed and tested 

for viability after 1 month, 3 months and 12 months. Viability results for each treatment were 

recorded and analysed for variability in mean viability following each storage treatment and 

treatment period.  

Microbiome characterization 
Lastly, to test whether seed dormancy or viability is affected by sterilization, intact black, 

hard seeds were surface sterilised with one of five common antimicrobial treatments:  (1) de-

ionized water, (2) 25% bleach solution (Churchill, 1992), (3) 3% hydrogen peroxide solution 

(Metwaly et al. 2018), (4) tea tree oil, or (5) ambient seawater (control treatment).  Experiments 

commenced by submerging seeds in sterilisation treatments for a total of 20 minutes before 

allocating individual seeds to an agar medium to assess growth of microorganisms or were 

immediately processed for direct impacts to seed viability.  To characterize microorganism 

growth following sterilisation treatments, ten seeds from each treatment were placed on sterile 

seawater agar medium designed to target known seagrass pathogens (Martin et al. 2009) and 

incubated for 1 week.  During the incubation period the developing microbial communities were 
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observed and photographed to describe observed variations in the type of colonizing organisms 

present and the rates of colony growth. The resulting microbial community was characterized 

under a compound microscope as being fungi (Kohlmeyer & Volkmann-Kohlmeyer 1991), 

Labyrinthulid (Leander & Porter 2001) or bacterial dominated communities. 

Statistical Analyses 

The results of the seed colour viability experiments were analysed after the 3-month 

incubation period using a one-way analysis of variance to identify whether seed colour 

immediately following release from the spathe correlates with observed differences in mean 

viability after 3 months.  Following sterilisation and refrigeration seeds in each treatment were 

analysed for significant differences in mean viability after 12 months using a two-way ANOVA 

to compare total survival and mortality rates between the two storage treatments (proportional 

hazards, JMP 10.0, SAS Institute Inc 2014). Statistically significant differences (α=0.05) in the 

means were coupled with Tukey’s test for highly significant differences to reveal combinations of 

treatments resulting in a correlation between significant differences in viability over time. All 

ANOVA calculations were performed using JMP14 statistical software.  

Results  

Site Selection and Flowering Shoot Identification 
Flowering events were characterized by the sudden appearance of young, fleshy, bright 

yellow/green coloured enlargements near the base of the leaf blade. From the shore, flowering 

was generally inconspicuous in Heterozostera populations. Heterozostera has bright reproductive 

tissues that can be readily observed by wading or snorkeling into the meadow(Figure 3-4) against 

the backdrop of the mature emerald-coloured leaves amongst the unique rhizomatous shoot 

canopy (woody, black, erect stems). Observing seeds up close and without a hand lens completed 

verification of population flowering.  Pollen release was never encountered during any site 
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surveys completed from 2015 to 2017. The site with by far the greatest area of accessible 

Heterozostera flowering shoots found in Port Phillip Bay, Victoria in 2015 was Stingaree Bay, 

accessed from Point Henry Road (-38.142777, 144.418726). Patches of seagrass within the Point 

Henry collection site were observed intensely flowering. In fact, large swathes of both flowering 

and non-flowering patches were observed at all sampling times within this meadow. Thus, Point 

Henry was opportunistically selected as the seed source for these experiments due to obvious 

success of flowering in this meadow compared to other beds in Port Phillip Bay during the 2015 

to 2016 summer collection season.  

Successful Collection, Transport and Processing  

Following a period of maturation (~ 1 month), the black slender sleeve of seeds (spathe) 

was observed dropping from the flowering stalks (Figure 3-5).  When the majority of spathes 

dropped from the leaves, vegetative parent shoots were removed from the tank and dropped 

spathes were left to mature in the bottom of the tank. Holding tanks were inspected weekly until a 

collectable portion of mature seeds had been released from the fallen spathes (~1 month).  Once 

large quantities of seeds began to fall out of the spathes, the 1,000 L storage tank was drained and 

filtered through 2.0, 1.0, and 0.45 mm sieves until a sufficient majority of the material left was 

Heterozostera seed. Seeds were then consolidated into 5 L storage buckets and kept under flow-

through ambient seawater until experiments commenced.   Seed viability tests conducted after 

following this protocol for processing ranged from 98-100% 1 month following seed collection. 

Seed Colour Correlates with Seed Viability 

Following the 3-months seed colour trial, all but one black seed coat remained black for 

the duration of the experiment, while 35 red seeds over that period developed into black seeds. No 

yellow seeds changed color (Figure 3-6).  Subsequent viability tests demonstrated a strong 

difference in viability based on seed colour (black/brown, red/orange, or yellow/green) (df=2, F 
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=175.955, P=0.0001) and time period (0 or 12 weeks) (df=1, F =24.046, P=0.0004). A significant 

co-effect of color and time on seed viability was also recorded (df=2, F =18.318, P=0.0002).  

Tukey’s test for significant differences in the mean revealed that dark/black seeds are 

significantly more viable than either red or yellow-coloured seeds at the time of collection and 

after 3 months.  Unexpectedly, mean viability of black seed increased over the 3-month period 

(Figure 3-7). 

Refrigeration and Sterilisation Effects  

 Combined effect of sterilisation and refrigeration were undetected in mean viability of 

seed after 12 months. However, significant differences in mean viability of seed was detectable 

(F=3.8788, df=5, P=0.0253). Tukey’s test (⍺= 0.05) demonstrated surface sterilized seeds placed 

in sterilized seawater and left in ambient temperature and light, (Ambient-SSW/SS) correlated 

with significantly lower mean viability after 12 months compared to the other treatments, with the 

exception of unsterilized seeds kept in ambient seawater and refrigerated (Ambient-ASW/AS) 

(Figure 3-8). Overall, when surface sterilized seeds were kept in sterilized seawater and remained 

unrefrigerated, there were significantly fewer viable seeds after 12 months compared to mean 

viability of seed in other treatments (P=.0478, F= 7.9529, α= 0.05).   

Viability of sterilized and unsterilized seeds in long-term storage decreased dramatically 

in the first year, regardless of treatment (Figure 3-8). While the average viability continued to 

drop for most treatments over time, one treatment (refrigerated, unsterilized seed kept in sterilized 

seawater and placed in ambient light and refrigeration) had a slight increase in average viability 

over the first 3-month period, though this increase was not statistically significant.  No clear 

pattern of positive or negative effects of either seed or seawater sterilisation could be 

demonstrated across ambient and refrigerated environmental conditions.  
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Similarly, no surface sterilisation treatments entirely retarded microbial activity on 

individual seed coats (n=50), or within each petri dish (n=7) (Figure 3-9). In the end, seeds that 

were surface treated with deionized water had the highest level of viability (100%), followed by 

peroxide, tea tree oil and bleach treatments (90%). The control treatment had the lowest viability 

(80%) (Table 3-1).  

Table 3-1: Viability following sterilisation treatments 

Treatment Bleach Seawater 
Control 

di H2O Peroxide Tea Tree Oil 

Percent viable 90% 80% 100% 90% 90% 

 

Preliminary morphological analyses and photographs of the cultures revealed diversity in 

microbial cultures associated with the treatments, including plates with: (1) robust dark 

black/green fungi, (2) fine white fungi, (3) Labyrinthulids, and/or (4) bacteria.  In general, tea tree 

oil and seawater treatments appeared to slow the generation of dark fungal infections after 1 

week, but a fine white fungus continued to grow and cover the entire dish in both tea tree oil and 

seawater treatments in this study. Both white and black/green fungi (Ascomycota) appeared to 

encapsulate the seed coats. The effect on viability was not assessed, but several seeds collapsed or 

exploded upon squeezing. Seawater was the only treatment that appeared to produce a dominant 

bacterial colony on the growth media in our study (after 1 week) (Figure 3-9).  Further 

identification of specific microbial families (for instance through morphology or environmental 

DNA analyses) was not possible at this time.  

Discussion 

As the volume of seed produced and optimum seed collection times are variable over 

inter-annual periods (Smith et al. 2016), it is of some importance to identify targeted flowering 
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populations prior to collection efforts.  This will ensure sampling sites are producing the desired 

quantities of reproductive shoots in large enough swathes to be regularly and easily sampled 

during spring low tides. Thus, for any collection effort it may prudent to scout for fruiting bodies 

in the populations during the spring to confirm flowering density will be sufficient to collect 

desired seed quantities during summer sampling.  

Similar to results from Zosteraceae in other parts of the world, Heterozostera seed 

viability is correlated with seed colour (Xu et al. 2016). Black seeds are significantly more viable 

than either red or yellow seeds. In fact, the viability of black seeds slightly increased over the 12-

week period. However, viability of red seed remained low, even in those instances where the seed 

continued to mature and turn dark brown or black over a 3-month period.  This also infers that 

identifying darker seeds after a 3-month maturation period is less likely to correlate with higher 

seed viability, than selecting dark seed immediately following release of seeds from the spathes. 

This research demonstrates that seed coats of Heterozostera may continue to mature by hardening 

and changing colour (maturing) following release from the parent plant, yet the embryo inside the 

seed is unlikely to continue to develop into a viable seed if it has not been pollenated at this point.  

Yellow/green seeds appear to be the least mature seed and do not continue to change colour or 

increase in viability at all following separation from the spathe.  

Thus, timing collections to select for darker, more mature black seeds is likely to result in  

collection of seed with greater overall viability. Seed colour should also be taken into account 

when collecting for development of nursery specimens and research samples where viable seeds 

is optimal. Sorting by colour early on will allow researchers to avoid inclusion of “dead reds”, or 

a bias towards false positives.  This may be desirable for researchers examining smaller samples 

of seed for viability tests. 
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Another consideration for excluding red and green seeds early on may be their inherent 

vulnerability to disease or altered physiological conditions that may affect long-term storage 

success. For restoration projects, sorting the seeds may be impractical. Still, germinability of seed 

in a given lot can be improved when selections can target the most viable seed, which can be 

valuable in reducing bias or errors in statistical assessment of germination rates.  

In this study, in contrast to northern hemisphere Zostera, refrigeration did not lead to 

significantly greater viability rates for Heterozostera seed, unless sterilization techniques were 

initiated. Similarly, sterilization did not significantly increase mean viability of treatment units 

after 12 months.  In fact, in this study we provide evidence the sterilization treatments, especially 

in concert with reduced temperature/light from refrigeration treatments decreases overall viability.   

Regardless of sterilisation and refrigeration treatments, Heterozostera seeds demonstrate a 

steady and measurable decline in mean viability over time. Repeating the experiment with more 

seeds per replicate and more replicates per sterilisation treatment could reveal finer variation in 

significance in observed variations in seed viability and characteristics of microbial ecology 

between these treatments.  For instance, inclusions of more seeds for each treatment may reduce 

margins of error in statistics, where trends in viability were observed, but did not result in 

significant differences in this test.  Expanding the study may also allow for more detailed 

examination of nuances in the relationships between the various types of microorganisms present. 

While Zosteraceae seeds produce a small hard shell indicative of persistent seed (Kendrick 

et al. 2012), there is little evidence of a persistent seed bank in the wild (Smith et al. 2016), and 

no method for maintaining a useful supply of viable dormant seed for more than 18 months under 

laboratory conditions.  Ultimately, lack of a persistent seed bank appears to be evidence of 

reproductive vulnerability and increased risk extinction. This is because an entire population, 
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especially one that is not flowering, and is subjected to disturbances or losses that last longer than 

the (1 or 2 years maximum?) recovery period could put the meadows at risk of localized 

extinctions and create hurdles to seed-based restoration where seeds rapidly decrease in viability 

of seed over an annual period.   

Microbes are increasingly being recognized for their importance in seagrass ecology 

(Christiaen et al. 2013, Bourque et al. 2015, Fraser et al. 2015, Cúcio et al. 2016, Ettinger et al. 

2017). However, the role of microbes in the long-term viability of Zosteraceae seed is largely 

unknown and only brushed upon in this study. Our modest attempts to describe microbial viability 

support the possibility that several plant pathogens (described and undescribed), including those 

that directly impact seed and seedling viability (Govers et al. 2016), may be present in Port Phillip 

Bay, Victoria. Thus, advancement of Heterozostera specific microbial studies could reveal effects 

of seed sterilization on microbially mediated seed germination or dormancy cues that affect 

resilience. Results of microbial investigations could further advance examinations of host-

pathogen relationships between seagrass and known epiphytic and endophytic saprobes and 

pathogens. In turn, these findings advance our awareness of known plant pathogens and may 

allow for the development of strategies to prevent the outbreak of disease in the wild and combat 

seagrass diseases in culture, where large quantities of seed may be required to advance critical 

research and techniques needed for successful large-scale restoration of Heterozostera by seed.   

Currently, seagrass seeds in the Zosteraceae can only be stored for a few months to a 

maximum of one or a few years (Dooley et al. 2013).  In terms of global species conservation and 

given the rate at which seagrasses are being lost around the world (Waycott et al. 2009), 

continued research into seed storage strategies for submerged marine angiosperms around the 

world (especially lesser studied species, such southern hemisphere Zosteraceae) is urgently 
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needed.  In southern hemisphere seagrass species, obstacles and opportunities for successful long-

term seed storage may be different than those studied in the northern hemisphere, and therefore 

seed of southern hemisphere seagrass warrants independent attention.  

Summary 

This research demonstrates a successful method for acquiring viable Heterozostera seed 

including: 1) site selection, collection and transport considerations, 2) seed processing and colour 

sorting, and 3) annual storage techniques. These replicable methods of seed collection, processing 

and storage provide a high-quality source of seed and flowering materials for sampling and 

experimentation efforts in laboratory and mesocosm settings or for in-situ restoration trials.  

Specifically, we demonstrate seed viability is positively correlated with black seeds. We also 

provide preliminary evidence for a positive effect of refrigeration on long-term seed viability in 

laboratory storage.  Diverse microbial communities emerged from cultures and presence of 

known seagrass pathogens (Labyrinthulids) suggest research into the role of pathogens in seed 

storage protocols should be advanced further. Establishment of permanent land-based aquaculture 

facilities that are capable of successful annual laboratory seed collection, monitoring and storage 

will generate capacity for widespread reintroduction of seed or seedlings needed for coastal 

recovery efforts in Australia.  Our protocol for collection and storage of Heterozostera allows for  

sustained multi-year harvests of viable seed. We hope these investigations lead to continued 

advancement of seagrass seed biology, storage techniques and recovery investigations in the 

southern hemisphere.  

In summary, the results of these seed collection and storage investigations point to several 

considerations for further seed collection and storage reliant research for Heterozostera: 
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• Utilize the methods described above for seagrass meadow selection, collection and 

processing efforts. We demonstrate identification, harvest, transport and storage 

treatment methods that can be repeated to ensure a large and viable crop of 

Heterozostera seed is available for testing or transplanting post seed release. 

• Select seeds for collection and storage based on seed colour. Similar to Xu et al. 

(2016), we found seed colour was an important factor in fecundity of stored seeds.  

Green/yellow seeds are not viable at the time of collection, and do not mature into 

viable seed over time. Similarly, red seeds are largely unviable, and regardless of 

changing to a darker colour, remained far less viable than seeds that were dark 

brown/black at the start of the experiments.  Thus, field collections should be 

optimized for timing to target dark brown or black seed at harvest. Also, black 

coloured seeds can be sorted from reds in the lab immediately following release 

from spathes. Maturity and viability of seed may be especially important through 

storage where immature or otherwise fouled seeds may invite pathogens, or where 

targeting fecund seeds are needed. 

• Continue research to identify drivers of viability in sterilization and refrigeration 

treatments. Cooler temperatures coupled with dark storage enhanced seed viability, 

when seeds were sterilized. Benefits of cooling would be consistent with other 

Zosteraceae and terrestrial seed and fruit storage methods. However, these results 

demonstrate viability is well maintained in ambient temperatures as well. More 

testing needs to be completed to establish the significance and thresholds of the 

temperature effect detected, especially for development of beneficial  seed 

sterilisation methods for increasing storage capacity. 
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• Considerations are warranted for supporting research into the role of microbes and 

microbiome in long-term viability of seagrass seed. As infective agents, such as 

fungi and stramenopiles (Govers et al. 2016, Martin et al. 2016), are known to 

cause disease in seagrasses worldwide, inhibition or proactive management of 

microbial populations in seagrass meadows may be an important consideration for 

targeting conservation efforts and enhancing resilience of seagrasses in the future. 

In our experiment, seeds treated with tea tree oil demonstrated the least growth of 

microbes following experimental sterilisation, but seed viability was also 

compromised in one case.  It is possible that a diluted solution of tea tree oil could 

be developed to maximise microbial control and maintain vitality.  Peroxide, 

bleach and deionized water seemed to better control bacterial communities overall. 

However, since oomycetes and fungi are the only known pathogens of seagrass, 

and colonies of each microbe were observed in growth media following each 

treatment, continued improvement of sterilisation treatments and empirical studies 

of their effectiveness at combatting for potential and known diseases are 

warranted.  
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Figure 3-1. Flow-through seawater tank (1,000 L) setup  
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Figure 3-2. Typical replicate of seeds sorted by color for storage and viability tests (n=30 
seeds). Column 1 = Black/Dark brown, Column 2= Red/orange, and 3- Yellow/Green seed. 
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Figure 3-3. Seed embryos extracted and placed in a 1% tetrazolium solution for 24 hours 
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Figure 3-4. Heterozostera’s bright yellow-green reproductive tissues stand out against leaves 
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Figure 3-5. Black slender sleeve of seeds (spathe) dropped from the flowering stalks  
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Figure 3-6. Seed color after 3 months. The initial colour for (n=270) seeds selected by colour 

(Black, Red, Yellow) are on the x-axis (n=90). Shading overlay in each column demonstrates the 

number of seeds distributed by color after the 3-month treatment period (response color). In 

summary, all but one (red) black seed remained black, while 35 red seeds developed into a dark 

brown or black color.  No yellow seeds changed colour over the course of the treatment. 
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Figure 3-7. Mean percent viable seed in each color treatment (x-axis) following the 3-month 

test period. The group that started out as all black remained significantly more viable than either 

of those that started out as red or yellow seeds.  
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Figure 3-8. Comparisons of mean viability of Heterozostera seed at collection and after 1 

month, 3 months and 12 months in each treatment.  Significant drop in viability of sterilized 

seed (SS) kept in sterilized sea water (SSW) and stored in ambient temperature and light 

conditions. 
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Figure 3-9. Representative marine fungi and other microbial colonies observed 1 week after 

seed treatments (A=Tee Tree Oil, B=ambient control/seawater, C=3%hydrogen peroxide, D= 

25%bleach, and E= Deionized water).  
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Abstract 

Heterozostera nigricaulis Kuo is a common subtidal temperate seagrass of Australia 

known to experience periodic declines. These declines are largely attributed to poor water quality 

and lack of nutrients. Seed germination has been shown to play a significant role in recovery 

efforts of seagrass in the northern hemisphere, but little is known about environmental parameters 

that cue H. nigricaulis germination and recolonization in the southern hemisphere.  This study 

examines whether variability in Heterozostera seed germination and seedling success can be 

correlated with changes in environmental conditions, including parent sediment type, nutrient 

loading, sediment biology and/or temperature and light conditions. Results indicate the presence 

of fine or coarse sediment, high level of commercial fertilizers and a premature period of cold, 

dark conditions inhibits seed germination. We concluded the most successful method for cueing 

Heterozostera seed germination was to forgo sediment additions, and immediately place dark 

black seeds released from spathes into experimental containers exposed to ambient light and 

temperature conditions and filled with sterilized brackish seawater (20 00/000). Addition of 

nutrients was also consistent with a lack of germination. The results from this study demonstrate 

potential methods for artificially germinating seeds for controlled laboratory or field-based 

restoration of Heterozostera meadows in the southern hemisphere.  
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Background 

Seagrasses in the Zosteraceae are marine flowering plants whose family has survived on 

this planet for ~100 million years (Coyer et al. 2013, Les & Tippery 2013) and diversifying in 

concert with mass extinctions and global change. Today, seagrasses continue to provide a wide 

range of ecosystem services that provide significant value to the economy (McArthur & Boland 

2006). Heterozostera nigricaulis is the most recently evolved species in the Zosteraceae (Coyer et 

al. 2013), and the most common subtidal seagrass found in Victoria and Tasmania, Australia 

(Rees 1993, Ball et al. 2014). H. nigricaulis is widely distributed in temperate Australia, including 

Tasmania (Macreadie et al. 2018), and its unique biology (Cambridge et al. 1983), coupled with 

reports of extensive losses (Walker & McComb 1992) provide some evidence that research into 

resilience of Heterozostera is warranted and urgently needed. Population sizes and density of 

Heterozostera meadows are known to wax and wane significantly in total coverage over time 

(Marbà & Walker 1999).  

A topic search on the Web of Science (July 11, 2018) comparing the number of citations 

for “Zostera” and “Heterozostera” in the title of publications from the years 1900 through 2018 

reveal comparatively few studies (4,440:92) have been published on this unique genus of native 

Australian seagrass. In fact, only one study has specifically assessed potential Heterozostera seed 

germination cues (Cumming et al. 2017).   

Port Phillip Bay is a large coastal, semi-enclosed inlet centrally located within the range of 

Heterozostera nigricaulis (with the exclusion of Chile), making it an ideal case study for testing 

representative populations. Here Heterozostera often grows in large, stable meadows of 
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monospecific, perennial beds, but may also persist in more transient, or ephemeral beds, and in 

mixed meadows with other seagrasses, including Nanozostera muelleri, Heterozostera tasmanica, 

Amphibolis antarctica, Halophila ovata and Posidonia australis.   

Conditions favouring seed production and germination improve long-term reproductive 

successes, thus improving resilience capacity.  While the effects of ecological conditions (such as 

sediment, burial, salinity, nutrients, temperature and sterilization treatments) on germination and 

dormancy cues of Zosteraceae have been completed more broadly (Addy 1947, Churchill 1983, 

Conacher et al. 1994a, Duarte & Sand-Jensen 1996, Brenchley & Probert 1998, Granger et al. 

2000, Abe et al. 2008, Pan et al. 2011, Delefosse & Kristensen 2012, Jarvis & Moore 2014, Kaldy 

et al. 2015, Xu et al. 2016, Cumming et al. 2017, Wang et al. 2017), detailed investigations into 

Heterozostera are lacking.   

For Heterozostera nigricaulis a significant amount of seagrass present or absent can be 

explained by likelihood of encountering unfavourable water movements generating wave heights 

above 0.38 to 0.43 m, which exceeds the threshold for root anchoring capabilities of this plant. H. 

nigricaulis displays some site-specific phenotypic diversity, where height and flowering 

characteristics can be variable across its range (Smith et al. 2016).  

In turn, presence of seagrasses also affects local sediment characteristics, resulting in 

observations of both positive and negative feedbacks of sediment conditions to seagrass 

ecosystems themselves (Carr et al. 2015). For instance, as dense seagrass meadows reduce 

sediment movement (Suykerbuyk et al. 2015) turbidity may be stabilised, however seed burial, 

occurring through minor sedimentation ( < 2cm) may improve seed germination rates (Cumming 

et al 2017, Moore 1993). This demonstrates species and site-specific differences in ecological 
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conditions could possibly explain observations of phenotypic variations (Smith et. al. 2016) that 

could potentially affect seed viability and germination success.  

The availability of nutrients in the water column and sediment porewater can also affect 

the resilience of seagrass.  For instance, nitrogen influences the growth and expansion of seagrass 

meadows, such as Heterozostera (Hirst et al. 2016). Other chemical components in seagrass 

ecosystems, such as hydrogen sulfide, can also be beneficial or detrimental to seagrass seedling 

health (Dooley et al. 2013). Bulthuis et al. (1992) assessed nutrient limitations on Heterozostera 

growth in Port Phillip Bay, finding nitrogen and phosphorus enriched sediments increased total 

nitrogen concentrations in plant tissues and the overall height of plants, though no effect was 

detected from phosphorus enrichments. Hirst et al. (2016) demonstrates an increase in seagrass 

coverage where nitrogen loads are increased, especially following a long period of drought and in 

concert with the development of a wastewater treatment plant in Port Phillip Bay.  The role of 

observed variations in sediment and nutrient conditions, and other common seed germination cues 

have not been studied for Heterozostera and require further examination.   

Previous work has determined physical ocean and nutrient conditions affect total meadow 

coverage (Hirst et al. 2016). No published results testing variable sediment conditions on 

Heterozostera seed germination have been completed, with the exception of observations of 

viability following seed burial (Cumming et al. 2017). It is understood widespread losses of H. 

nigricaulis in Port Phillip Bay correlate with long periods of turbidity, or drought, which 

increases salinity and significantly reduce nutrient inputs to the bay (Ball et al. 2014, Hirst et al. 

2016).  

Freshwater pulse treatments have also shown some promise as a cue for germination in 

previous trials, though seed germination rates remain less than 20% overall (Cumming et. al 
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2017). Thus, periods of reduced salinity may cue germination of Heterozostera. Cumming et al. 

(2017) found germination rates in laboratory settings were best when undertaken by placing seeds 

in brackish water, however overall germination rates were very low (~20%) for Heterozostera, 

especially when compared to other seagrass species in this family. The more robustly studied 

Zostera marina usually achieved much higher germination rates (>60%) in similar studies 

(Tanner & Parham 2010, Jarvis & Moore 2014).  

Lastly, scarification was also demonstrated to enhance germination success of 

Heterozostera seed by manually cutting the seed coat prior to subjecting seeds to a pulse of 20 ppt 

freshwater, which enhances both mean time to germination and total number of seeds germinated 

(Cumming et al. 2017). The potential for natural scarification through tidal sediment movement 

could elicit another natural cue for forcing seeds from dormancy. Physical manipulations and tests 

of these phenomena may be pursued. 

The aim of this study is to test an array of potential ecological cues for germination to 

identify factors that may cue successful Heterozostera germination. Here, a fully factorial 

laboratory experiment is initiated to test for specific effects of fixed factors (sediment type, 

nutrient loads, sediment sterilisation and refrigeration treatments) on the mean seed germination 

rates.  

Methods and Materials 

Seed Collection and Storage 
Seeds used in these experiments were collected from Point Henry in Port Phillip Bay, 

Victoria, Australia during November to December 2016. The flowering shoots from mature H. 

nigricaulis plants were collected and transported back to the laboratory where they were placed 

into aerated plastic tubs (1000 L), one for each collection site, with flow-through ambient 
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seawater, allowing spathes to mature and drop out of the flowers naturally.  After 1 month, the 

shoots were removed, and the spathes collected on a sieve (0.45 um). Collected spathes were 

stored in clean aerated plastic tubs (1000 L) with continuous flow-through seawater until seeds 

were released from the spathes and could be used in germination assays (See Chapter 3).   

Sediment Collection and Transport  

Sediments were collected from two sites, Edwards Point and Grand Scenic.  Edwards 

Point was selected as a donor site for this test because of its reliably for coarse sand, containing 

lower carbon and nitrogen levels. Contrarily, Grand Scenic is characterised by very fine sand and 

higher carbon levels (see Chapter 2).  For the purpose of these experiments, Edwards Point and 

Grand Scenic sediments are hereafter defined as “coarse” and “fine,” respectively.  Sediments 

from each site were acquired by wading into the nearshore from the beach and removing 

sediments from the top (~50mm) with a garden spade. Samples were deposited into 10 L plastic 

buckets and immediately transferred by automobile to the Victorian Marine Science Consortium 

in Victoria, Australia (total transport time <2 hours).   

Sediment Sterilisation  

Preliminary assessments of microbial activity in Heterozostera demonstrate the potential 

effects of microalgal and/or microbial activity. Microbial activity was explored through 

sterilisation tests. Sediment sterilization was accomplished by autoclaving a subset of fine and 

coarse sediments (3 times each at 121°C) according to the methods of Lotrario et al. (1995). 

Positive control units for sediment were prepared exactly the same as variable treatments, but 

without submitting sediments to the autoclave.  

Commercial Fertiliser 
 A commonly available commercial plant fertiliser (Scotts Osmocote® Plus Trace 

Elements) was applied directly after sediments were filled in experimental units. The nutrients 
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were allowed to slow release throughout the course of each experiment. Nutrient treatments were 

randomly allocated to each experimental unit to test for any measurable effect of common 

fertilizers on Heterozostera seed germination. Nutrients were added to experimental units by 

including either 1 teaspoon or 1 tablespoon of the urea-based nitrogen fertiliser (#1). Nutrient 

control experimental units were not treated with a commercial fertiliser.   

Cold Storage  

Potential effects of a period of cold/dark “forcing” on seed germination were tested by 

placing a replicate fully factorial experiment (sediments, nutrients, and sterilisation treatments 

above) in a 15°C refrigeration unit with no light for 4 weeks prior to eventual removal and 

placement in a window with ambient light and temperature.  

Germination Assays 
Two germination assays were designed and conducted simultaneously in controlled 

laboratory conditions at the Victorian Marine Science Consortium in Queenscliff, Victoria 

(Australia) to evaluate individual and combined effects of sediment and nutrient conditions on H. 

nigricaulis germination and seedling development.  Specifically, Germination Assay #1 measured 

variable effects of sediment type, sediment nutrient loads and refrigeration on seed germination 

(defined as SCB) and seedling development.  Germination Assay #2 examined the effects of 

parameters examined in experiment 1 with the addition of testing for the effect of sediment 

sterilization (excluding sediment controls) when assessing variable seed germination (defined as 

SCB) and seedling development.  

Experimental units were prepared by adding 75ml of sterile brackish seawater (20 00/000) 

and 1 heaping tablespoon (~1 cm) of either coarse or fine sediment (transferred to each 

experimental unit independently and within 24 hours of collection) into individual 100 ml 

polyethylene containers (experimental units).  Next, exactly 25 seeds were added to each of the 
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experimental units (Figure 4-1). Lastly, the experiments units were treated with one of three 

commercial fertilizer nutrient treatments (1 teaspoon or 1 tablespoon each). Finally, all parameter 

treatments were replicated such that the entire experiment could be replicated under both a dark 

refrigerated environment, and in a south-facing window in the lab where seeds could be subjected 

to natural light and control temperature (20-21°C) conditions.  

Experimental treatment control units were prepared by including 25 individual 

Heterozostera nigricaulis seeds to sterile brackish seawater (20 00/000) within 100 ml polyethylene 

containers.  However, these reduced control units were prepared excluding sediment and nutrient 

treatments. Control conditions for combined effects of added sediment and nutrient treatments on 

seed germination were generated by preparing experimental units that contained neither sediment 

nor fertiliser additions.  

Seeds in each natural light- and temperature-controlled treatment (including controls) 

were observed weekly to assess for germination and seedling development. Following 1 month in 

the refrigeration treatment, experimental units were relocated from the refrigerator to the south-

facing window the natural-light treatment seeds were already subjected. Germination was 

determined by visual inspection of each seed for confirmation of a break or split in the seed coat. 

This is revealed as a white or bluish seed (See Chapter 1) and hereafter is defined as a seed coat 

break (SCB). Following observation of a germination event, the number of germinated seeds and 

seedling radicle lengths were measured for each germinated seed. Following SCB seedling length 

was also recorded for any specimen that successfully generated true leaves (photosynthetic 

material). After 3 months of observation the germination experiment was terminated.  
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Statistical Analyses 
Mean germination rates over a 3-month period were calculated for Heterozostera seeds in 

all treatments. Differences in mean germination rates were collected for each germination assay 

(including sediment type, sediment sterilisation, nutrient additions and cold storage). Multivariate 

analyses of the mean germination rates were then completed to detect differences between 

treatments in each experiment.  During Assay #1 analyses sediment sterilization treatments were 

excluded, and during Assay #2 analyses ‘no sediment’ treatments were excluded, to ensure tests 

were fully factorial. Significance uncovered through the fixed effect ANOVA was further 

supported through implementation of Tukey or Student’s tests (α=0.05).  

Results  

Overall germination was low in each of our experiments. For instance, several treatments 

were initiated that resulted in no seed germinations in Assay #1 (only 5 out of 18 treatments had 

any germinations). For instance, only one treatment that involved refrigeration resulted in any 

seed germinations, and they occurred in units where no sediment and no nutrients were added. For 

seeds kept in ambient conditions, only 4 out of nine treatments resulted in germinations, and three 

of these were also in the no nutrient addition treatments.  Due to a large number of treatments 

where seeds failed to germinate, statistical analyses are challenging. Still, a significant three-way 

interaction between sediment, nutrients, and refrigeration treatments was detected in Assay #1 

(Table 4-1), where significantly higher germination of seeds occurred when seeds were kept 

under ambient temperatures, with low nutrients and no sediments.  Germinations were reduced, 

but also occurred where nutrient additions were included in fine or coarse sand, and when 

refrigerated or not (Figure 4-2). Lastly, significant interactive effects of sediment and nutrients 

were detected in Assay #1 revealing significantly more seeds germinate when no sediment is 
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present and with no and low-level additions of nutrients for all treatments, with the exception of 

seeds placed in no nutrient additions in fine sediments. 

In Assay #2, interactive effects of refrigeration and nutrients were also detected. Tukey’s 

test suggests a significantly greater percentage of seed germinate when they are not subjected to 

refrigeration. This may be due to a period of continued maturation required by the seeds 

following release from the spathes (See Chapter 3). When refrigerated seeds are coupled with low 

or high nutrient treatments, or when seeds were not refrigerated and were treated to high levels of 

nutrients, germinations were reduced. No significant combined or main effects of sterilization 

were detected in Assay #2. Results from the ANOVA analyses are included in Table 4-2.  
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Table 4-1: Summary of ANOVA (sterilization treatments excluded) 

Source DF Sum of 
Squares 

F Ratio Prob > F 

Sediment Type 2 9.4000000 13.3579 <.0001* 
Refrigerated 1 4.0000000 11.3684 0.0012* 
Nutrient Treatment 2 8.2222222 11.6842 <.0001* 
Sediment Type*Refrigerated 2 0.9555556 1.3579 0.2637 

Sediment Type*Nutrient Treatment 4 4.9333333 3.5053 0.0114* 
Refrigerated*Nutrient Treatment 2 2.6666667 3.7895 0.0272* 
Sediment Type*Refrigerated*Nutrient 
Treatment 

4 9.3777778 6.6632 0.0001* 

* in Prob>F denotes a detected significant effect 

 

Table 4-2: Summary of ANOVA (no-sediment treatments excluded) 

Source DF Sum of 
Squares 

F Ratio Prob > F 

Sterilization 1 0.5000000 2.5714 0.1154 

Sediment Type 1 0.0555556 0.2857 0.5954 

Refrigeration 1 1.3888889 7.1429 0.0103* 
Nutrient Addition 2 2.7777778 7.1429 0.0019* 
Sediment Type*Sterilization 1 0.5000000 2.5714 0.1154 

Sediment Type*Refrigeration 1 0.0555556 0.2857 0.5954 

Sterilization*Refrigeration 1 0.5000000 2.5714 0.1154 

Sediment Type*Sterilization*Refrigeration 1 0.5000000 2.5714 0.1154 

Refrigeration*Nutrient Addition 2 2.7777778 7.1429 0.0019* 
Sterilization*Nutrient Addition 2 1.0000000 2.5714 0.0869 

Sediment Type*Nutrient Addition 2 0.1111111 0.2857 0.7527 

Sterilization*Refrigeration*Nutrient Addition 2 1.0000000 2.5714 0.0869 

Sediment Type*Refrigeration*Nutrient Addition 2 0.1111111 0.2857 0.7527 

Sediment Type*Sterilization*Nutrient Addition 2 1.0000000 2.5714 0.0869 

Sediment 

Type*Sterilization*Refrigeration*Nutrient 

Addition 

* in Prob>F denotes a detected significant effect 

2 1.0000000 2.5714 0.0869 

Discussion 

Sediments  
We found seeds successfully germinate in coarse, fine and control (no) sediment 

conditions. Generally, presence of sediments, regardless of the grain sizes reduced germination 

rates in the experimental units, which may vary from prior Zostera and Heterozostera 

germination tests that provide evidence 1-2cm of burial does not inhibit germination (Jarvis & 

Moore 2014, Cumming et al. 2017).  To end seed dormancy, our results suggest Heterozostera 
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seeds may be placed in capped airtight containers and stored in ambient light and temperature (19 

to 21oC) and with 20 00/000 sterile seawater and excluding all sediments.  Germination rates were 

elevated in treatments without sediments, however the effects of reduced or missing sediments on 

seedling growth and survival remain to be seen. The effects of sediment type, microbial 

communities and nutrient loads could play a role in success, such that the development of 

seedlings and biomass are impacted (Jorgensen et al 2019), and thus requires further 

investigations.  

Nutrients 

Overall, the addition of nutrients, especially in higher quantities, inhibited seed 

germination. This is in contrast to other work demonstrating recovery from seed may be inhibited 

by nutrient deficiencies in other seagrasses (Duarte & Sand-Jensen 1996).  In fact, there were no 

instances where seeds placed in the experimental units with 1 tbsp. of commercial fertiliser that 

germinated any seeds, and only one time where germinations occurred in lower levels of nutrient 

addition. The inhibitory effect of commercial fertilisers on H. nigricaulis seed germination, 

suggest nutrient loading from terrestrial sources may negatively impact seed germination in wild 

populations, though lack of observation of seed germination in wild populations makes testing 

this possibility difficult in-situ. Reduced seagrass recovery in periods of drought has been 

correlated with lower nutrient conditions thought to affect clonal reach of existing populations 

(Hirst et al. 2016).  

The important role of nutrients in seagrass resilience has been established more broadly 

(Lee et al. 2007) and reveals seagrass systems around the world can be both nutrient limited (Hirst 

et al. 2016) and eutrophic (McGlathery 2001). Germination and growth of seedlings in seagrasses 

may also be limited by carbon, phosphorus and nitrogen levels (Roberts et al. 1984, Duarte & 

Sand-Jensen 1996, Udy & Dennison 1997). Nutrients and nutrient combinations also affect seed 
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and seedling development in seagrass species (Roberts et al. 1984, Duarte & Sand-Jensen 1996, 

Campbell & McKenzie 2004, Statton et al. 2013).  

The apparent inhibitory effects of higher levels of nutrients on H. nigricaulis seed 

germination suggest oligotrophic waters could be more suited to population recovery when seed-

based recovery strategies are expected or desired. Though this should be explicitly tested. 

Nutrient source analyses for Port Phillip Bay reveal heterogeneity in source nutrients for seagrass 

meadows around the bay (see Chapter 2, Hirst et al. 2016), Thus, some sites may be more or less 

vulnerable to losses during drought and flood events where large volumes of sediments and 

nutrients can deprive or inundate nearby seagrass beds. This may occur over large areas, 

especially near the mouths of waterways and creeks, especially waterways with direct run-off 

from terrestrial nitrogen sources (such as agriculture, fish processing, flash floods etc.).  Thus, the 

importance of ambient nutrient levels on H. nigricaulis seed ecology, including disease (Sullivan 

et al. 2017b), requires investigation to better understand potential environmental drivers of seed-

based resilience and recovery of Heterozostera at a variety of temporal and spatial scales 

expected under future global change scenarios.  

Microbial Communities 
Sediment sterilization tests did not detect any significant benefit or loss of germination 

resulting from autoclaving soils prior to initiation of germination assays. This suggests sediment 

microbes may not be a key trigger for germination.  Also, despite identification of at least one 

etiological agent known to inhibit seagrass seed and seedling success, germination was not 

hindered either.  Infection by other known seagrass pathogens (Sullivan et. al. 2017) are known to 

contribute to seagrass conservation and restoration failures (Govers et al. 2016). 
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The roles of disease in Heterozostera seed germination and dormancy have yet to be 

examined properly. Still, sediment sterilisation tests completed in Assay #2 provide some 

preliminary guidance for advancing seed ecology research. Specifically, we supply some evidence 

that seed germination in a laboratory setting may not reliant upon microbial communities present 

in wild sediments. If the nearshore marine microbial communities were highly complex and 

critical in the germination of Heterozostera seed, replication of preferred germination conditions 

may be very difficult or unsustainable in a land-based seagrass nursery or laboratory. Thus, sand 

from a commercial land-based supplier, sterilized if desired, may be successfully substituted in 

germination chambers if protection of wild sediments in-situ is of concern. 

Refrigeration 

A brief 4-week period of refrigeration significantly inhibited germination of H. nigricaulis 

seed, even when seeds were removed from the fridge and returned to ambient temperature and 

light conditions. It is possible premature cold stratification prior to full development retarded seed 

maturation.  While cold temperatures inhibited seed germination in this study, some increases in 

total germination at lower temperatures are noted in conjunction with lower salinities in other 

studies (Cumming et al. 2017).  Future research may increase the period of time between 

processing the seed and initiating cold storage seed “forcing” to examine whether the seeds 

require an initial maturation and aging period prior to cold storage and germination.  Other 

Zosteraceae in Australia are known to germinate following both cold and warm stratification 

periods (Kaldy et al. 2015). The ability to jump start or delay germination windows could allow 

genetically diverse seagrass seeds to be germinated and reared in a laboratory setting prior to 

transplanting, or for use in other off-season seedling studies.  

The results of our seed germination studies suggest lower nutrient sites may be where 

natural recovery could be expected to support seed-based strategies for recovery.  Sites where 



 

141 | Page 
 

seed are not produced or are unsuccessful, could be at an increased risk of ecological and 

evolutionary recovery ‘bottlenecks’ or ‘hotspots’ of net loss when compared to other populations. 

Insights for naturally occurring germination cues of southern hemisphere Zosteraceae may also 

offer insights into seagrass resilience in the southern hemisphere. Management treatments for 

conservation and management of Heterozostera should be species-specific to support the greatest 

success of subtidal recovery and restoration efforts. 

Summary and suggestions for future research 

Reduced capacity to recover from a disturbance event through sexual reproduction reduces 

resilience of seagrass populations through genetic isolation and inability to produce viable 

offspring, which may lead to bottlenecks in recovery (Unsworth et al. 2015). Similar to other 

seagrasses, biogeochemical factors play a role in successful seed germination and seedling 

success of Heterozostera nigricaulis, however cues and thresholds vary between Heterozostera 

and other Zosteraceae. These and continued discoveries regarding the autoecology and seedling 

success of Heterozostera will allow researchers to target seed sampling and conservation efforts 

into the future. This information advances our understanding of the basic seed ecology for 

Heterozostera, a unique seagrass in the Zosteraceae and the southern hemisphere, as well as 

supporting progress in efforts to restore existing populations of seagrass meadows through seed 

manipulation in the southern hemisphere.  

We present novel evidence for a broad range of potential environmental drivers, or cues, 

to Heterozostera nigricaulis germination. Overall, the presence of sediments, cold stratification 

and nutrient loading tended to inhibit germination. In summary, we found:  

1. Heterozostera seeds are more likely to germinate when they are free of sediment;  

2. Presence of high levels of commercial fertilizer inhibits seed germination; 
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3. Sterilizing sediments prior to germination had no effect on seed success; and  

4. A period of cold stratification following release from the spathe decreased the amount 

of seeds that germinated.  

 

In terms of population recovery and resilience, given the amount of energy that seagrasses 

put into sexual reproduction this species likely utilizes sexual reproductive strategies as 

appropriate to maintain a viable population (Calow 1979), at least over evolutionary time.  Still, 

Heterozostera nigricaulis seeds fail to germinate in the lab in large enough quantities in ours and 

other studies (Cumming et al. 2017) to demonstrate their value as primary agents in recovery 

success and long-term seagrass meadow conservation and restoration in Australia.   

Seeding is generally known as a very cheap method for recovering damaged ecosystems, 

and some evidence suggests seed may also be effective for large-scale natural and assisted 

recovery of seagrasses (Orth et al. 2006). Simply adopting seed germination cues from research 

on northern hemisphere Zosteraceae species is not effective, thus advancing explorations of 

germination cues appropriate for regional ecological and evolutionary conditions in the southern 

hemisphere must be continued. 

Understanding environmental thresholds for seagrass reproduction is important for 

projecting patterns of resilience across time and space. Discovering germination cues or 

inhibitors, such as sediment and nutrients, may help identify key ecological parameters that 

support land-based or laboratory seed germination efforts. Work done to understand ecological 

and evolutionary bottlenecks in sexual reproduction will increase our understanding of seagrass 

resilience and its capacity to respond to widespread seagrass losses, such as those documented in 

connection with global change (Wainger et al. 2017).  Additionally, opportunities for natural 
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recovery of Heterozostera through seeding in the southern hemisphere may be possible. For 

instance, land use and other practices and policies that limit nutrient loading may increase seed 

germination and success in seagrass beds. Similarly, oligotrophic areas where seagrass recovery is 

desired may be good candidate sites for seed-based restoration strategies. Results of these 

experiments should be tested in-situ by transferring seeds to test plots where the role of regional 

and site-specific ecological parameters can be measured to determine differences in seed 

germination and success, and thus some measure of resilience capacity, in wild populations.   
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Figure 4-1. Typical experimental unit setup for seed germination assays 

  



 

147 | Page 
 

 

Figure 4-2. Mean seed germination in Assay #1 by treatment type 

  



 

148 | Page 
 

Chapter 5: Copper sulphate treatments induce seagrass (Heterozostera 
nigricaulis) seed germination and improve seedling growth rates (in review) 

Brooke K. Sullivan1,2, * Michael Keough1 and Laura L. Govers3,4 

1School of Biosciences, University of Melbourne, Parkville, Victoria, 3010, Australia 
2Victorian Marine Science Consortium, 2A Bellarine Highway, Queenscliff, Victoria, 3225, 

Australia 
3Conservation Ecology Group, Groningen Institute for Evolutionary Life Sciences (GELIFES), 

University of Groningen, Post Office Box 11103, 9700 CC, Groningen, the Netherlands 
4Department of Aquatic Ecology and Environmental Biology, Institute for Water and Wetland 

Research (IWWR), Radboud University, Heyendaalseweg 135, 6525 AJ, Nijmegen, the 

Netherlands 

 

*Corresponding author: backtonaturedesign@gmail.com; +1-206-664-1688 

Abstract 

Seagrasses are obligate marine angiosperms occupying coastal estuaries worldwide. They 

invest heavily in sexual reproduction, suggesting that seeds are important for viable populations. 

However, for many seagrasses, particularly those in the Zosteraceae (eelgrasses), there are often 

few signs of natural seed germination in field populations, which instead may rely heavily on 

asexual reproduction for recolonisation. Indeed, seeds of some seagrasses, such as the Australian 

Heterozostera, have proven extremely difficult to store and to germinate in laboratories, even 

when using techniques successful in the northern hemisphere. In the northern hemisphere 

Zosteraceae seed and seedlings oomycetes are correlated with reduced reproductive success rates.  

Copper sulphate treatments reduce infection in laboratory tests. Here, we tested whether copper 

treatments may prohibit disease and promote longer-term storage of seeds of the southern 

hemisphere Heterozostera nigricaulis. Surprisingly, a 2.0 ppm copper sulphate solution induced 

seed germination and led to 3 times more photosynthesizing seedlings after 3 months. These 

results suggest that copper is a novel cue for Heterozostera germination, which offers a promising 

technique for enhancing restoration success of Heterozostera through seed manipulation. 
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Background 

Seagrasses are marine flowering plants found in shallow coastal areas on all continents, 

except Antarctica (Green & Short 2003). Reproduction is accomplished sexually through 

generation of flowers and seed, as well as asexually, through rhizome and shoot extensions.  A 

seagrass plant, or clone, may colonize coastal embayments through utilization of these 

propagules, either directly adjacent to the clone or meadow, or dispersed as drifting fragments 

over longer distances (Smith et al. 2018). 

In addition to clonal expansion, seagrasses invest heavily in flowering and seed production 

(Phillips et al. 1983, Smith et al. 2016), suggesting an important role of sexual reproduction in 

colonisation success. For instance, some seagrass populations depend entirely upon seed 

production to maintain annual meadows (Hootsman et al. 1987).  Thus, bottlenecks in flowering 

and seed dispersal pathways can affect the distribution and flow of genetic resources. Large-scale 

seagrass monocultures are thought to be considerably more vulnerable to loss, and genetic 

exchange is likely an important component of seagrass resilience (Sherman et al. 2016). 

In the wild, seagrass meadows are thought to persist and recover through successful sexual 

reproduction (Orth et al. 2006, Katwijk et al. 2016). Seed-based restoration may also offer an 

inexpensive and potentially effective method for restoring large areas of seagrass. Large-scale 

success of Zosteraceae (eelgrass) restoration has occurred in Virginia Coastal Bays through the 

use of seed (Orth et al. 2006), and laboratory experiments reveal northern hemisphere Zostera 

germination rates may be as high as 100% (Hootsman et al. 1987). However, successful 

demonstrations of a strong role for seed in the recovery of Zosteraceae in the southern hemisphere 

are rare, with no evidence for recovery from small direct disturbances from seed (Smith et al. 
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2016). Controlled seed germination trials in the lab have not rendered greater than 20% 

germination (Cumming et al. 2017, See Chapter 4).  

Advances are being made in identification of seed pathogens, identified as agents of 

disease in seagrass (Sullivan et al. 2018). Observations of disease are reported from every region 

where seagrass has been examined (Sullivan et al. 2013, Martin et al. 2016). Still, the presence 

and prevalence of known pathogens, and therefore, basic knowledge of host-pathogen 

interactions, are only now being analysed for southeastern Australia (Sullivan et al. 2017, 

Trevathan-Tackett et al. 2018). Thus far, seed diseases in Zosteraceae, capable of causing seed 

and plant mortality in both sexual and non-sexual life stages, have only been observed in seeds of 

northern hemisphere seagrasses, specifically Zostera noltei and Zostera marina (Govers et al. 

2016, Govers et al. 2017).  The deleterious effect of diseases on seagrass restoration and 

conservation efforts has been demonstrated by observations of restricted growth and development 

of sexual propagules in Zostera (Govers et al. 2016). However, copper sulphate treatment reduced 

or inhibited growth of multiple oomycete pathogens (Govers et al. 2017). It is unknown what 

specific role the widespread oomycetes Phytophthora and Halophytophthora may play in 

incidence of epidemic disease and seed ecology in the southern hemisphere, including the 

common and widespread Australian and Chilean seagrass, Heterozostera nigricaulis.   

The objective of our study was to explore the effects of copper sulphate treatments on seed 

dormancy and seedling viability for Heterozostera nigricaulis (syn. Zostera nigricaulis) seed. 

Later, following surprising result from the storage and viability experiments, we tested multiple 

lots of stored seeds for the presence of potential oomycete seed pathogens known to impact seed 

viability and dormancy. 
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Methods and Materials 

Seed Collection and Storage 
Seeds were collected from flowering H. nigricaulis plants in the field for seed storage and 

germination tests.  The flowering shoots were collected over 3 days from Port Phillip Bay 

(38°08'34.2"S 144°25'04.7"E), near Point Henry in Geelong, Victoria from November to 

December 2016. Shoots were kept in large (1,000 L) aerated plastic tubs with flow-through 

ambient seawater and light regimes to allow spathes to mature and drop out of the leaves 

naturally. In January 2017, upon maturation, the shoots were removed from the plastic tubs and 

seawater was sieved to 0.45 µm to collect dropped seeds and remnant spathes. Seeds and spathes 

were then stored in an aerated 1 L plastic tub with continuous flow-through seawater until seed 

trials commenced (approximately 2 weeks). All seeds were allowed to naturally reach maturity 

and fall out of the spathes prior to use in any treatments. 

Sterile Seawater (SSW)  
A single point collection of ambient seawater was made from the seawater intake system 

(operated by the Victorian Fisheries Authority) at the Victorian Marine Science Consortium.  

Salinity at the time of collection was measured at 40 SSU. Ambient seawater was then sterilized 

in a covered 5 L polyethylene capped pitcher and autoclaved at 121°C for 20 min (Parsons 2013). 

Following sterilisation, the pitcher was kept refrigerated at a constant temperature of 16°C prior to 

use in the trials. 

Copper Sulphate (CuSO4) Solutions  
Copper treatment solutions were prepared by dissolving copper sulphate (CuSO4) into 

sterile seawater (SSW) to create two stock treatment solutions required to test longer-term seed 

storage effects (Govers et al. 2017). Thus, a low-copper treatment was prepared as a solution of 



 

152 | Page 
 

0.2 ppm CuSO4 and a high-copper treatment as a 2.0 ppm solution of CuSO4. In addition, a 

control SSW treatment was set up in which no copper sulphate was added.  

Graduated Salinity 

A total of 96 seeds were placed in individual 1 cm round wells with deionized water (0 

salinity) and checked weekly for break in dormancy, defined by observation of a break in the 

hard, exterior seed coat (Churchill 1983).  Once a break in dormancy was observed, seeds were 

transferred to seawater with salinity of 20.  Upon further evidence of stem growth, germinated 

seeds were transferred to SSW with salinity of 40 in 10 ml glass vials and placed in a window 

with ambient light and 20 to 21°C.  Growth characteristics, including stem length (cm), presence 

of photosynthesizing tissues and mortality, were totaled after 12 weeks to compare growth 

characteristics with the copper treated seedlings.  

Seed Pathogens and Viability 
Following observation of seed failure and/or presence of disease symptoms in 

experimental units, seeds from the laboratory were sent to the National Plant Protection Services 

lab in the Netherlands (NVWA) to test for presence of known oomycete pathogens and for seed 

viability. The seeds submitted for analysis were from two prior storage treatments [ambient 

temperature (20 to 21°C) and natural light or cold/dark storage (6°C)] and two collection sites 

(Point Henry, as above; and Rye Beach, 38.366291S 144.81093E). Three of the lots were 

collected from Point Henry in 2017, as noted above, and one was collected near Rye Beach in 

2015.  Thus, seeds used in seed pathogens and viability analyses came from a mix of seed 

collection years, sites and treatments with the aim of targeting collection of disease agents.  

A total of 72 seeds were analysed for present of pathogens and for viability, including: (a) 

12 symptomatic seedlings from freshwater germination trials, (b) 20 seeds stored in ambient 

salinity, temperature and light conditions, (c) 20 refrigerated (16°C) seeds, kept in dark storage in 
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SSW, and (d) 20 2-year-old seeds stored in high hydrogen sulphide and refrigerated conditions. 

All seeds tested for disease presence were sampled from laboratory storage vials and placed in 1.0 

ml sealed plastic vials filled with 0.5 ml of sterilized seawater, then shipped to the Dutch NVWA 

for pathogenic testing according to the methods described in Govers et. (2016). The lab 

individually tested southern hemisphere Heterozostera nigricaulis seeds for the presence of 

known agents of pathogenic seagrass diseases, including Phytophthora spp. and 

Halophytophthora spp. The laboratory also assessed the viability of the seeds by scoring seed 

germination up to 4 weeks after incubation on ParpH, according to the method described in 

Govers et al. (2016).  

Experimental Design 

Effects of low, medium and high copper concentrations on seed dormancy and viability. 

We randomly allocated 16 containers, each with 30 seeds, to one of two seawater treatments: (1) 

high copper (2.0 ppm) or (2) no copper/control (0.0 ppm). Stock treatment solutions were used to 

fill each 25 ml capped polystyrene cylindrical container. The replicate containers were stored for 

12 weeks without aeration, under ambient daylight and relatively stable ambient air temperatures 

of 20 to 21°C. Following the incubation period, we evaluated seed dormancy, as a measure of the 

number of seeds whose seed coats were penetrated, and recorded trends in the development of the 

white or cream coloured hypocotyl and rarely, photosynthesizing (green) leaf tissues.  

Following unexpected results using high copper concentrations, the study was broadened 

to include a moderate concentration of copper sulphate solution (0.2 ppm). Observations of seed 

dormancy were again recorded after 12 weeks. In all, 270 seeds were equally distributed between 

three levels of copper sulphate solution treatment (0.00 ppm, 0.20 ppm and 2.0 ppm). Replicate 

treatment and control experimental units consisted of labeled and capped 25 ml polystyrene 

cylindrical containers containing 30 seeds immersed in the given copper sulphate treatment 
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solution. All units were stored under ambient daylight and temperatures of 20 to 21°C. 

Germination, length of shoot and presence of photosynthesizing tissues was recorded for each 

replicate.  

Effect of copper seed treatment on subsequent seedling success. Seeds that broke 

dormancy during copper treatments were removed from experimental storage units and placed in 

individual 10 ml glass vials, surrounded with ambient sterile seawater (SSW), and set into a 

window of ambient light, where seedling morphology and condition could be observed over a 12-

week period. At the same time, seeds that broke dormancy in a graduated salinity treatment were 

also placed in 10 ml glass vials with SSW and total length was recorded for each seedling after 12 

weeks.  Distilled water was added to the vials as needed to maintain salinity. Growth 

characteristics of seedlings developed from control/ambient salinity could be observed and 

recorded for seeds germinated through copper sulphate treatment.   

Pathogen assays. Throughout germination experiments, several seeds broke dormancy and 

then failed to germinate, quickly browning. Fouled seeds often appeared overgrown with fungal 

or bacterial growth.  The germinated seeds became discoloured, presenting tissues that appeared 

light brown to black, and sometimes fouling with what appeared to be black or white marine fungi 

or both.  Since the symptoms we observed in Heterozostera seed were similar to diseases 

described by the pathogenic protists Phytophthora and Halophytophthora (Sullivan et al. 2018, 

Govers et al. 2017), we collected 12 symptomatic seeds that broke dormancy in high copper 

treatment experiment but failed to grow and develop. We analysed failed seeds for viability and 

presence of known seed and seedling pathogens.  
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Statistical Analyses 
Variable effects of copper sulphate concentrations on Heterozostera seed dormancy, 

germination and seedling development were analysed.  Significant effect of high copper treatment 

on seed dormancy was analysed using Welch’s t-test for independent samples with unequal 

variance (for testing difference in the mean for independent samples with equal sample sizes and 

unequal variances). Dormancy data from the subsequent low and high copper treatment 

experiment were analysed through a one-way analysis of variance (ANOVA) and supported by 

pairwise testing with the Tukey-Kramer test of highly significant differences. The significance of 

copper seed treatments on germinated seedling length was also analyzed through ANOVA and 

supported with the Tukey-Kramer test.  

Results 

High Copper Treatment Induced Break in Seed Dormancy 

The copper sulphate solution had a surprisingly significant positive effect on the mean 

number of seeds observed breaking dormancy. In all, an average of 5.16/30 (17.2%) treated seeds 

per replicate (n=6, SEM +/- 0.60) broke dormancy over a 4-week period as a result of the copper 

sulphate solution treatment (2.0 ppm). In comparison, a break in dormancy of seeds under control 

treatments averaged only 0.33/30 seeds (1.1%) (n=6, SEM +/- 0.21). Further, two seeds from the 

control treatments that did break dormancy also promptly became fouled. Copper sulphate 

treatment (2.0 ppm) significantly increased the proportion of Heterozostera nigricaulis seeds that 

broke dormancy (Welch’s t-test, P<0.001). 

One-way analysis of variance in mean germination of seeds placed in the second test of 

copper sulphate treatments and control experiments continued to demonstrate a significant 

increase in probability that a seed would break dormancy under high copper sulphate solution 

treatments (F=18.249, df=2, P=0.0028). Additionally, hypocotyls of seeds treated with high 
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copper (2.0 ppm) solution were significantly more likely to grow following germination 

(f=63.9906, df=2, P=0.0001). Further, seeds treated with 2.0 ppm copper sulphate were 

significantly more likely to develop green leaf tissues over the 12-week sampling period (f=12, 

df=2, P=0.008).  The effects of low copper sulphate (0.2 ppm) and control (0.0 ppm) treatments 

were not significantly different.   

Seedling Development 

We opportunistically assessed the development of seedlings from 20 seeds that germinated 

in the high copper treatments and the 2 seeds that germinated in control treatments. This was 

accomplished by transferring the germinated seeds to 10 ml glass vials following observation of a 

break in seed dormancy.  No cotyledons or seedlings grew and developed from either of the 2 

seeds that broke dormancy from the control experiments.  

Fifteen of the 20 copper sulphate treated seeds continued to develop a cotyledon following 

a break in dormancy. Successful seedling maturation rates were extremely low overall, as only 3 

out of the 20 seeds (15%) that broke dormancy and germinated in high copper treatments went on 

to develop photosynthesizing tissues, or green leaves. Further, these 3 seedlings that developed 

true leaves represented success of only 2.5% of the total seeds treated with the high copper 

sulphate solution. All of the seagrasses that successfully developed true leaves were from seeds 

treated in 2.0 ppm copper sulphate solutions. After 12 weeks, germinated seedlings ranged in 

maximum length from 0.2 to 1.2 cm, with an average length of 0.375 cm. In comparison, seeds 

from the graduated salinity treatments (no addition of copper sulphate) had an average 

germination rate of 51% (n=8) and grew to a mean length of 0.55 cm (ranging from 0.2 to 1.0 

cm). However, while average seedling lengths were longer, no seeds that broke dormancy in the 

graduated salinity treatments presented photosynthesizing leaf tissues after 12 weeks. 
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Microbial and Chemical Germination Cues 
Despite appearing symptomatic, seeds that broke dormancy and failed to thrive remained 

90% viable with no detectable oomycetes. Seeds from the sulphide toxicity and viability 

treatment returned no evidence of disease agents or viable seed.  In fact, no oomycete colonies 

were isolated from any of the seeds sent to the lab (n=72). However, viability simultaneously 

recorded for seeds sent to the lab demonstrated 45% of seeds from the ambient light and 

temperature storage conditions and 70% of the seeds in the cold storage treatment remained 

viable, and with seed coats intact.  

Discussion 

Here we present a novel method for inducing germination of seed in a southern 

hemisphere seagrass, Heterozostera nigricaulis. While exploring methods for successful seed 

storage, strong effects of high copper sulphate treatment (2.0 ppm for 4 weeks) on break in seed 

dormancy were coupled with an effect of copper sulphate pre-treatment on subsequent seedling 

development. Contrary to our expectations, storing seeds in solutions of 2.0 ppm or greater may 

be counter-productive, even if treatment successfully prohibits disease organisms, as it appears to 

induce germination in Heterozostera. However, this unexpected discovery did provide a novel 

germination cue that may be used to improve seed-based restoration success of Heterozostera 

nigricaulis. 

Prior attempts to break dormancy of Heterozostera seed in Australia required time 

intensive manual scarification and additions of periodic brackish or fresh water in shallow dishes 

that were kept under lower temperatures without aeration (~17-21° C). Overall, germination from 

manual scarification techniques resulted in less than 20% germination (Chapter 4, Cumming et al. 

2017). Our work demonstrates for the first time that treatment of seagrass seeds with copper 

solutions in ambient temperature and salinity, and with no scarification, will also induce seed 
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germination, while requiring little manual effort following seed processing. Additionally, seed 

germination induced by copper sulphate concurrently stimulated an increase in seedling growth 

and maturation of seedlings into photosynthesizing young plants over a 12-week period.  

Our experiments did not show the mechanisms behind the positive effects of high copper 

sulphate treatment on Heterozostera nigricaulis seed germination under ambient salinity and 

temperature. However, observed results may be related to the well-known inhibitory effects of 

copper on microbial activity. Copper-based compounds are commonly used as fungicides that are 

lethal to fungi, oomycetes and algae due to the lethal effects on sporangia and chlamydospores of 

these organisms (reviewed in Govers et al. 2017). Similarly, bacteria may be inhibited or even 

killed due to toxic effects of copper on a cellular level (Thurman et al. 1989). Potential epiphytic 

bacteria or protists on the seed coat of Heterozostera nigricaulis may be a cause of inhibition in 

seed germination, though to our knowledge no inventory of seagrass seed microbes has been 

published. Our copper sulphate treatment likely altered chemical processes enhancing dormancy 

in seeds, potentially by affecting the epi- and endophytic microbial community that promote or 

protect dormancy and/or provide essential micronutrients, such as soluble copper, which could be 

required for germination. However, our results are not conclusive and further exploration of seed 

germination mechanisms is urgently needed to resolve these topics in seagrasses, and for poorly 

germinating Heterozostera nigricaulis in laboratory settings in particular.   

Finding no trace of known seed disease agents in Zosteraceae from temperate regions of 

the southern hemisphere was unexpected given the global occurrence of known pathogens, 

including Labyrinthula, Phytomyxids, Phytophthora and Halophytophthora where they have been 

researched in the northern hemisphere (reviewed in Sullivan et al. 2018). However, we cannot 

conclude that this demonstrates these oomycete pathogens are not present in the southern 
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hemisphere, or in southeastern Australia in particular, because we only sampled from a few 

places, and transport prior to analysis or anoxia may have affected the survival of these 

pathogens. Still, the inability to detect omnipresent disease agents in samples from symptomatic 

southern hemisphere seed necessitates more research. Testing for presence and pathogenicity of 

known pathogens in Zosteraceae more generally is required to better understand the role disease 

may have in the autoecology and lifecycle of seagrass seed (Sullivan et al. 2018).  

Summary 

In summary, we report a novel pathway for germination of seagrass seed in the southern 

ocean, which may be relevant to Zosteraceae in the northern hemisphere. This information may 

be used to better understand natural and human induced cues to germination in Zosteraceae, 

which will be useful for restoration ecologists looking to effectively restore seagrass meadows 

from seed, particularly in Heterozostera of Australia and Chile.  Through identification of a novel 

germination cue for seagrass seeds, we were able to demonstrate a positive effect of copper 

sulphate treatments in seed storage and early germination stages, and in both ambient salinity and 

temperature.    

These results present a significant advancement in our understanding of natural 

germination cues for seagrasses, and for Heterozostera in particular, though the exact 

mechanism(s) of germination remain unknown. Further investigations into the mechanisms of 

seed germination and the potential for copper sulphate treatments to promote resilience through 

disease control and abatement, and to enhance seagrass seedling germination and development, 

are urgently needed given the little evidence of seedling recruitment in-situ, and low germination 

rates for Heterozostera ex-situ.  
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Fig 1. Copper germinations summary.  Bar graphs of the mean number of seeds in each 

replicate that broke dormancy (Seed Coat Breaks) following 12-weeks immersion in one of three 

copper sulphate treatments (0.0ppm, 0.2ppm, and 2.0 ppm) demonstrates a significant effect of 

high levels of copper sulphate on dormancy of Heterozostera seed over time (Error bars 

represents 1 standard error from the mean). 
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Abstract 

 Seagrasses are marine angiosperms that form primary habitat in coastal nearshore areas 

around the world, while providing a variety of other ecosystem functions and services. Due to 

observed losses and escalating threats to global seagrasses, it is important to understand the 

capacity of seagrasses to recover and resist disturbances. Heterozostera nigricaulis Kuo is the 

most widespread subtidal seagrass in temperate regions of Australia and temperate coastal waters 

of the Pacific Ocean in South America. Yet, information regarding the autoecology and resilience 

capacity of this unique southern hemisphere species is limited, and key characteristics and factors 

affecting vegetative propagule success are largely unknown. Clonal growth is an important 

recovery pathway for Heterozostera and other seagrasses. Thus, reproductive success of clonal 

fragments may drive resilience in Heterozostera in the southern hemisphere.  We test mortality 

and growth rates for two known and one novel (rhizome, plantlet and stalk respectively) clonal 

propagule types transplanted into two site sediment types, and across 4 transplanting seasons.  We 

characterize survival and growth of propagules after seasonal and semi-annual growth periods, 

demonstrating transplanting season and propagule type plays a key role in success of 

Heterozostera transplants. Specifically, late fall and winter planting of plantlet and rhizome 
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propagules result in significantly greater chance of survival and growth after 6 months following 

transplanting. This research simultaneously advances our knowledge of resilience pathways and 

methods to support culture and ecological restoration of Heterozostera meadows of Australia.  

Keywords 

Australia; Heterozostera nigricaulis; marine ecology; recovery; resilience; restoration; sediment 

Introduction 

Seagrasses are marine angiosperms commonly developing into expansive and extant 

meadows, which host some of the most diverse and abundant biological communities in the world 

(Duffy 2006). Seagrasses are perhaps best understood commercially for their critical contribution 

to fisheries production (Unsworth et al 2018), where expansive meadows provide critical nursery 

habitat for commercially valuable fisheries (Jackson et al. 2001). Recognition of their 

contribution to carbon sequestration (Fourqurean et al. 2012), coastal erosion and storm 

abatement (Bos et al. 2007) are also increasing. Aside from their key role in global ecological 

function, seagrass ecosystems are also recognized for their indirect contribution to the global 

economy (Barbier et al. 2011), and role in food production (Unsworth 2018). However, increasing 

anthropogenic pressures including climate change and urbanization, are weakening vulnerable 

seagrass beds, with losses increasing exponentially worldwide (Waycott et al. 2009).  

Assisted recovery of coastal seagrass habitats returns lost ecosystem functions and 

services 10x faster than natural recovery alone (Reynolds et al. 2016). Large-scale transplanting 

results in the greatest success of seagrass restoration (Katwijk et al. 2016). Specific techniques for 

seagrass recovery include horticulture (Stratton 2011), transplanting (Phillips 1974, Meinesz et al. 

1992, Zimmerman et al. 1995, Martins et al. 2005, Orth et al. 2009), seeding (Pickerell et al. 
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2005, Orth et al. 2011) and substrate manipulations (Irving et al. 2010). These projects 

demonstrate that recovery attempts can be successful across several families and techniques 

employed.   

H. nigricaulis is a common subtidal seagrass in the Zosteraceae found growing in 

protected, soft-bottom coastal areas of Western Australia, South Australia, Victoria, and 

Tasmania, as well as three extant clonal populations in Chile (Smith et al. 2018). Widespread 

losses of local seagrass meadows, including H. nigricaulis in Western Port and Corner Inlet, 

Victoria, Australia, preceded a state sponsored study into the resilience of seagrasses in Port 

Phillip Bay (Jenkins and Keough 2015).  

H. nigricaulis is known to reproduce clonally through rhizome expansion (Thompson 

2014). Rhizome expansion is the measurable outward, progressive growth of seagrass rooting 

tissues and the development of new internodes, which subsequently form new shoots in adjacent 

sediments (Short & Duarte 2001). Heterozostera may also develop a unique vertical rooting 

structure, or plantlet (Cambridge et al. 1983).  

Plantlets are apically produced rhisome extensions that form at the tip of Heterozostera 

shoots extended from above ground vertical roots (Cambridge 1984, Marbà and Walker 1999, 

Thomson et al. 2014). Plantlets may also assist in long-term resilience and recovery (Cambridge 

et al. 1983, Thomson et al. 2015). Plantlets may remain attached to plant shoots following 

development, or the plantlets may become fragmented from the parent plant. They are capable of 

travelling some distance before reestablishing in different parts of a bed, or even dispersing over 

much longer distances and into new areas (Thomson et al. 2015, Smith et al. 2018).   

Detached stalks of Heterozostera are readily found washed up on beaches and trapped in 

nearshore, submerged vegetation.   The potential fecundity and growth of this third potential 
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reproductive propagule type, the detached meristem, or stalk, is unknown. The stalk may be 

defined as the green, primary leaf fan of H. nigricaulis, which like the plantlet, develops from the 

apical meristem.  This potential propagule type can be readily found in beach cast wrack in all 

seasons and can be gathered and transported from the beach very easily and without damaging 

existing beds.  

Heterozostera grows in a variety of sediment types from fine to coarse sand, which may 

be relevant to patterns of clonal growth and resilience (Jenkins & Keough 2015). Sediment is a 

naturally occurring physical driver of persistence in seagrass ecosystems, known to affect the 

presence and abundance (Suykerbuyk et al. 2016). Specifically, sediment characteristics, such as 

texture, particle size, and nutrient content, have a significant effect on the growth of some 

seagrasses (Tanner & Parham 2010).  Seagrasses are generally considered to be highly sensitive 

to sediment disturbance (Bourque et al. 2015) and subsequent recovery of communities can be 

slow (Katwijk et al. 2015). Roles of sediment and site conditions in establishment of clonal 

Heterozostera propagules have not been studied.  

Clonal growth demonstrates an effective and important recovery mechanism for seagrass 

meadows experiencing physical disturbances and loss, including Heterozostera (Macreadie et al. 

2014a, Smith et al. 2016). Where clonal propagules are manipulated to restore seagrasses, 

transplanting season is known to affect the success of seagrass restoration (Martins et al. 

2005).  Posidonia, Zostera and Nanozostera have all been found to have the greatest success in 

transplanting efforts initiated during the late fall and winter months (Meinesz et al. 1992, Martins 

et al. 2005).  Success in transplanting Heterozostera are not reported anywhere.  

The ability of seagrasses to generate positive feedbacks over time through dense 

colonization of bare sediments, and through trapping sediment particles in the water, stabilises 
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seagrass meadows and supports long-term resilience (van der Heide et al. 2007). Sediment 

stabilization promotes clear water, and access to light, which is a critical factor predicting 

persistence of transplanted seagrasses (Zimmerman et al. 1995).  The growth of transplanted 

propagules supports further colonization and persistence of seagrass species and these positive 

feedbacks are of importance to seagrass resilience (Carr et al. 2015).  

The preferred ecological conditions and rates of growth and mortality for propagules of a 

southern hemisphere seagrass, Heterozostera nigricaulis, are unknown, but are of importance for 

understanding and supporting seagrass resilience (recovery and resistance) capacity in the global 

south.  The aim of our study is to better understand how propagule type, sediment, season and 

duration affect survival and growth of transplanted H. nigricaulis. Through a fully factorial, 

randomized block design we aim to demonstrate trends in survival and growth of three clonal 

reproductive propagules (r=rhizome, p=plantlet and s=shoot) of H. nigricaulis across two 

common sediment types (fine sand/high nutrients and coarse sand/low nutrients), over four 

seasonal transplanting events and 3- and 6-month growth durations. We provide 

recommendations for advancing this research into field-based recovery efforts to support 

Heterozostera nigricaulis regeneration in the southern hemisphere.  

Methods and Materials 

Seagrass and Sediment Collection 
Heterozostera nigricaulis propagules used in these experiments were collected from Swan 

Bay, Port Phillip Bay, Victoria. Asexual rhizomes, plantlets and stalks were collected 

opportunistically during single-day collections in September 2016, December 2016, March 2017, 

and June 2017. Propagules were gathered from detached material near the shoreline (stalks) or 

through a gentle manual pulling of apical plantlets and subterranean rhizomes from donor 
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population plants.  Propagules were stored in seawater obtained onsite and immediately 

transferred to the Victorian Marine Science Consortium where they were used in experimental 

units within 6 to 8 hours.  

Sediment was collected from two sites (Avalon and Edwards Point) in Port Phillip Bay, 

Victoria, to avoid any bias for the seagrass collection site (Swan Bay). The sediment from Avalon 

(fine sand) contains greater nitrogen and carbon levels, with on average smaller grain sizes, 

whereas the sediment from Edwards Point (coarse sand) is lower in nitrogen and carbon, with on 

average higher grain sizes. Sediment was collected with a spade and placed in 10 to 20 L plastic 

buckets and stored in ambient seawater until experiments commenced (within 12 to 24 hours).  

Experimental Set-up  

H. nigricaulis propagules (Figure 6-1) were separated into three types (rhizomes, plantlets, 

and shoots) and transplanted into pots (4cm x 16cm) containing one of two sediments (fine 

sand/high nutrients or coarse sand/low nutrients). A total of 12 samples of each propagule were 

transplanted amongst six pots of each sediment type.  Pots were then placed into 1000L fiberglass 

flow through tanks under ambient light conditions, to harness natural seasonal climate conditions, 

including insolation, temperature, salinity and light (Figure 6-2). This process occurred across 

four seasons (Spring-September 2016, Summer-December 2016, Fall-March 2017, and Winter-

January 2018), with 108 samples measured per season. Negative control plots were also 

established to verify only intended transplanted specimen were located growing in experimental 

units. Growth and survival of propagules was measured at both three- and six-month intervals 

following transplantation, with a total of 864 treated pots examined over the 12- month period. 

Experimental Design 

We designed the experiment to run as a fully factorial, randomized block experimental 

design with three propagule types (rhizome, plantlet, stalk) crossed with two sediment types (fine 



 

170 | Page 
 

or coarse) in each of four transplanting seasons (Figure 6-2). Replicate treatment blocks were 

constructed at the beginning of each season, such that 6 treatment blocks were built in each of 

spring 2016, summer 2016, autumn 2017 and winter 2017. Thus, 24 randomized blocks with 864 

experimental units were constructed over the course of this 18-month study. Each of the 24 

replicate experimental blocks consisted of 36 experimental units and 4 negative controls. 

Replicate experimental blocks were held in a 1000 L outdoor nursery under ambient exposure and 

with ambient, flow -through seawater.  

Experimental units in the blocks consisted of black plastic growth containers (4 cm x 16 

cm pots). Each experimental unit was filled with either one of two sediment types (fine or coarse 

sand) and one of three propagule types (rhizome, plantlet, stalk), such that 6 replicates of each 

propagule x sediment combination were included in each block. In addition, 4 negative control 

experimental units (consisting of 2 units of each sediment type with no added propagules) were 

included in each block. These negative controls were used to verify no additional seagrass 

transplants were recruited into experimental units during the tests. Within each season, 

experimental units were arranged into 6 replicate blocks. Thus, at the 3-month sampling duration, 

half of the blocks were selected for sampling, and the other half of the independent replicates 

were sampled after 6 months.  

Measurement parameters 
Response variables, including mortality (dead/alive) and growth (number of shoots, 

longest shoot length, and rhizome length), were measured for each experimental unit and recorded 

at each sampling event. All plants that were missing or dead (no green tissues present) were 

counted as dead.  The number of shoots generated in each experimental unit were individually 

counted and recorded, and the length of the longest shoot and the length of the longest root (cm) 

were measured with a ruler. In all, a total of 864 samples were monitored across 24 replicate 
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sediment and propagule units, from four transplanting seasons (spring-September 2016, summer-

December 2016, fall-March 2017, and winter-January 2018), and at two durations, or ages, of 

transplant (3- and 6-months post-transplanting). 

Statistical Analyses 

Mortality was analysed through logit linear regression modeling to assess the maximum 

likelihood estimation for the probability of propagule death in each experimental unit. Pearson’s 

goodness of fit was used to further differentiate mean measurements of specific parameters. 

Significance in the differences between combined and main effects of sediment type, propagule, 

season, and duration on the root length, shoot length and number of roots for experimental units 

were analysed through a fixed effect analysis of variance and supported with implementation of 

the Student’s T test or Tukey’s test for highly significant differences at α=0.05.  All three 

propagule types can be cultured in both coarse and fine sediment types year-round in outdoor 

mesocosms.   Some post-hoc analyses were required to adapt statistical investigations to 

limitations encountered during the study. For instance, when analyzing data for transplanting 

results, either plantlets or the summer season were excluded from the growth analyses since 

plantlets could not be located for transplanting during summer tests. Additionally, after 6 months, 

analyses of variance in the mean for response parameters were not possible in most cases, except 

mortality, due to a loss of degrees of freedom.  However, pooled analyses based on season still 

revealed some significant results in the growth parameters and are reported.  

Results 

Mortality 
Overall, extreme mortality occurred following the spring transplant event, regardless of 

propagule type, at 3- and 6-month sampling intervals (Figure 6-3). We detected a significant 

combined effect of both season x propagule (X2=11.028277, df=4, P=0.0262) and sediment x 
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propagule (X2=9.3033, df=2, P=0.0095) on plant mortality when summer transplants were 

excluded from the analyses after 3 months. When we removed plantlets from the analyses, a 

significant difference in mortality was observed only for the combined effect of season x 

propagule (X2=17.405476, df=3, P=0.0006). Analyses of simple main effects demonstrated a 

highly significant effect of season on mortality after 3 months when both summer transplants 

(X2=60.374765, df=2, P<0.0001) and plantlets (X2=51.117022, df=, P<0.0001) were removed 

from the analyses.  Additionally, when summer was removed from the analyses, a significant 

difference in the mean mortality between propagules was detected (X2=8.3072938, df=2, 

P=0.0157).  After 6 months, season remained a detectable main effect on mortality when both 

plantlets (X2=84.259149, df=3, P<0.0001) and summer (X2=118.1694, df=2, P<0.0001) were 

excluded from the analyses (Figure 6-3). When summer was excluded, propagule type again 

significantly affected mean mortality (X2=10.455331, df=2, P=0.0054).  

Growth  
Number of shoots. After 3 months, a significant co-effect of transplant season x sediment 

was detected in experimental units when summer (F= 4.8199, df=2, P=0.0088) and plantlets (F= 

5.2420, df=2, P=0.0016) were individually excluded from the analyses (Figures 6-4 and 6-5). In 

both cases, Tukey’s test revealed propagules planted in fine sand at the winter planting event 

generated significantly more shoots than other combinations.  Main effects of all parameters on 

the number of shoots observed on transplanted material after 3 months, including propagule (F= 

6.7820, df=2, P=0.0013), sediment (F= 9.6481, df=1, P=0.0021) and season (F= 27.1537, df=2, 

P<0.0001), were detected when summer was excluded from the analyses. When plantlets were 

excluded, main effects of propagule (F= 8.8444, df=1, P= 0.0033) and season (F= 15.2566, df=3, 

P<0.0001) were detected. Tukey’s test for highly significant differences in main parameter effects 

revealed that significantly more shoots developed in stalks and propagules transplanted in winter 
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in both cases (Figures 6-4 and 6-5), and in the case of analyses excluding summer, significantly 

more shoots developed in propagules transplanted into fine sand. After 6 months, season 

continued to demonstrate a highly significant main effect on the number of shoots produced when 

both summer transplanting (F= 51.3663, df=1, P<0.0001) and plantlets (F= 32.7817, df=3, 

P<0.0001) were excluded. Tukey and student’s t-tests demonstrate winter transplanting results in 

the greatest mean number of shoots produced in both rhizomes and stalks (Figures 6-6 and 6-7). 

Results indicate a seasonal growth pattern or cycle dominates H. nigricaulis shoot initiation and 

development following transplanting.  

Longest shoot. Analyses of variance in the mean length of the longest shoot show a 

significant interaction between transplanting season and sediment type when both plantlets 

(F=2.6439, df=3, P=0.0494) and summer transplants (F=4.3088, df=2, P=0.0144) were excluded 

from analyses (Figure 6-4 and Figure 6-5). In both cases Tukey’s test confirms significantly 

greater numbers of shoots developed from propagules transplanted into fine sediments in the 

spring. When experimental units from the summer transplanting season were excluded, a 

significant interaction was also detected between season and propagule type (F= 3.5628, df=4, P= 

0.0075), where Tukey’s test confirms significantly more plantlets transplanted in spring develop 

longer shoots than other treatments. Shoots transplanted in the winter developed significantly 

shorter shoots than shoot transplants in other seasons, however rhizomes planted in finer 

sediments during the summer developed the shortest leaves.  

After 6 months, transplanting season continues to demonstrate a significant effect on the 

length of the longest shoot when both plantlets (F=20.5489, df=3, P<0.0001) and summer 

transplanting (F=9.7348, df=2, P<0.0001) are excluded from the analyses. In the first case, 

Tukey’s test suggests fall and winter transplanting results in development of the longest shoot, 
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and in the second, fall transplanting had the most positive effect, followed by winter, on the 

development of the longest shoot. The two tests independently confirm fall and winter 

transplanting in the seawater flow-through nursery had some significant advantages in terms of 

short-term propagule success.  

Longest root. The longest roots developed from plantlets transplanted in the spring [season 

x propagule (F=3.4877, df=4, P=0.0085)]. Differences between propagule types on mean length 

of the longest root were significant when both plantlets (F=11.6422, df=1, P=0.0008) and summer 

transplanting (F= 10.3953, df=2, P<.0001) were excluded from analyses. There, Tukey’s test 

confirms stalks develop the shortest average root lengths overall. A main effect test of transplant 

season (F= 5.0780, df=3, P=0.0020) demonstrates significantly longer roots developed in summer 

transplants when plantlets were excluded from the analyses (Figure 6-4 and Figure 6-5). After 6 

months, transplanting season once again demonstrated a significant effect on the length of the 

longest root, when both plantlets (F= 5.0313, df=3, P=0.0024) and summer transplanting (F= 

3.3616, df=2, P= 0.0370) were excluded from the analyses (Figure 6-4 and Figure 6-7). In both 

cases, the longest roots developed from winter transplants.  

Discussion 

The presence of multiple clonal propagule types in Heterozostera appears to be unique 

within Zosteraceae. This research demonstrates differences in the short-time viability of 3 

different propagule types transplanted into two sediment types over 4 seasons and sampled at 3- 

and 6-month time periods. Plantlets were not located in the donor population in summer, so 

analyses exclude either plantlet or summer transplanting to identify trends in annual performance.  
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Propagules 
This research demonstrates diverse clonal recovery strategies are available to H. 

nigricaulis year-round due to the development of unique clonal reproductive structures or 

propagule types. In fact, all three clonal propagule types tested (rhizomes, plantlets and stalks) are 

capable of being released (as a result of plant fragmentation), surviving separation from the parent 

plant, and dispersing to bare sediment locations.  

Thomson et al. (2015) report H. nigricaulis stalks broken from the rhizome cannot 

translocate and persist. Here we demonstrate stalks are a viable option for transplanting success, 

at least through cultivation in a land-based aquaculture system. Overall, rhizomes and plantlets 

performed significantly better than stalks in most growth response parameters following 

transplanting. However, the exception to this was that stalks on average develop significantly 

more shoots than either plantlets or rhizomes. Some seeds were also recovered from transplanted 

stalks, suggesting recovery efforts utilizing this readily available propagule resource could yield 

co-benefits for sexual recovery as well.  

Sediments 
The main effect of sediment type was less frequently associated with mortality or growth 

parameters. However, in fine sand a positive correlation with generation and growth of shoots 

was observed. When transplanted into fine sand in the winter, significantly longer shoots and 

greater of number of shoots develop.  Sediment also generated a measurable combined effect with 

propagule type on mortality after 3 months, but only when summer transplanting was excluded. 

These differences may best be explained by increased levels of nutrients or important microbial 

processes triggered in finer sediments, which could be considered for improving aquaculture 

practices in the future. Also, in the field sediment grain sizes (types) correlate with variable 

hydrodynamic conditions at these sites (Hirst et al. 2016), which, while controlled in these 
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experiments, is likely to have an extremely important effect on success of transplanted seagrasses 

(Schanz & Asmus 2003) and thus hydrodynamic processes should not be overlooked when in-situ 

restoration projects are planned.  

Season 

Similar to studies in other species, this research demonstrates the broad significance of 

transplanting season in survival and growth of each propagule. In fact, season presented a 

significant effect across all response variables measured.  The highest mortality of transplants 

after both 3 and 6 months occurred following spring transplanting, when both plantlets and 

summer transplanting units were excluded. When comparing the significance of season on growth 

response parameters, a trend emerged toward reduced growth in the spring and increased growth 

in winter and fall transplanting, especially after 6 months. The exception to this trend was 

observable in the mean longest root length after 3 months, which in contrast was greatest 

following spring and summer transplanting, and the mean longest shoot 3 months following 

transplanting, which occurred following summer planting. These observations could have more to 

do with natural differences in seasonal growth at the time of sampling, as natural dieback is 

known to occur in plants, including Heterozostera, in the winter (Bulthuis & Woelkerling 1983).  

Duration 

Extreme mortality levels after 6 months precluded detailed factorial analyses of mortality 

and growth parameters.  However, as expected, a strong link between mortality and survival after 

6 months could be correlated with season. In general, plants trended toward denser shoots, and 

had longer roots and shoots after 6 months, but further studies of long-term nursery and 

transplanting success require additional research to detect statistically relevant results for this 

parameter. 
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This study is a botanical investigation of Heterozostera nigricaulis. Performance in-situ, 

where effects of erosion, sedimentation, tide and wave activity cannot be controlled, and broader 

trends in coastal geomorphology will be important to consider when selecting sites for large-scale 

winter and fall transplanting. Patterns of high winds can develop in Port Phillip Bay and affect 

seagrass establishment more broadly. Long periods of calm ocean conditions may be more 

favourable to successful establishment.   

Overall, these results demonstrate transplanting clonal materials to mesocosms in winter 

(and to some extent in fall) resulted in the greatest survival and long-term growth of 

Heterozostera propagules. Since successful seed collection and germination require more labour 

in spring and summer months, restoration or nursery managers may be wise to utilize both sexual 

and asexual Heterozostera propagation strategies at different times of the year depending on the 

timing of planned restoration efforts. The results of this research should be used to guide 

Heterozostera conservation and management efforts, especially for those meadows requiring 

assisted recovery or restoration in the future. Due to the success of multiple propagule types 

planted across several seasons, this study provides novel evidence that Heterozostera may be a 

relatively resilient seagrass species, capable of utilizing multiple clonal reproductive strategies to 

maintain populations throughout the year. Consideration of goals and expected outcomes for 

restoration should also accompany plans for selection, propagation and planting of seagrass 

materials (SER 2002). For instance, a site with significant wave action may benefit from 

narrowing transplant events to those likely to increase root growth (to provide better anchoring 

following transplanting), or a site may need increased number of shoots, for instance where 

sedimentation is needed (such as where erosion and turbidity require abatement).  This study 

demonstrates annual growth and survival for three Heterozostera propagule types successfully 
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cultivated and tested in a land-based coastal aquaculture facility for use in these and other 

laboratory experiments and restoration activities. 

By exploring the regenerative abilities of H. nigricaulis clonal fragments, this study 

further highlights and expands management capacity for restoration and our understanding of 

resilience in southern hemisphere seagrasses, which are facing declines. The ability to recover lost 

seagrasses by transplanting clonal reproductive material has been effective in other seagrass 

species. This is the first study to show restoration capacity for Heterozostera nigricaulis, 

including 3 different clonal transplant materials, which can be transplanted year-round for 

targeted recovery efforts.  
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Figure 6-1. Asexual propagules: (A) Rhizome, (B) Stem/Stalk, (C) Plantlets 
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Figure 6-2. Experimental design diagram. (A) Each randomized transplanting block 

(experimental unit) consisted of 6 samples of each sediment (coarse or fine) and propagule 

(plantlet, stalk and rhisome) type with 4 control pots (4 cm x 16 cm), including 2 of each 

sediment type excluding transplanted propagules. (B) Photograph of a typical transplanting block 

experimental unit. (C)  Six transplanting blocks were constructed at the start of each season and 3 

blocks were sampled at each transplanted age (3 months and 6 months), resulting in a total of 24 

sampling blocks assessed over the course of the study. Studies commenced seasonally (every 

three months) where average low/high air temperatures (degrees Celsius) are recorded by the 

Australian Government Bureau of Meteorology: Spring (11/20), summer (13/24), autumn (9/16) 

and winter (7/14) respectively. Water temperatures (degrees Celsius) were also recorded for the 

seawater system periodically over the course of the study: Spring (15), summer (20), autumn (15) 

and winter (14) respectively. 
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Figure 6-3. Percent mortality of propagules after 3 and 6 months by transplant season and 

sediment. Error bars represent the standard error of the mean for each treatment. 
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Figure 6-4. Growth of root, shoot, and number of shoots at 3 months (summer excluded). 

Longest root and longest shoot are measured in centimeters. Error bars represent the standard 

error of the mean for each treatment. 
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Figure 6-5. Growth of root, shoot, and number of shoots at 3 months (no plantlets). Error 

bars represent the standard error of the mean for each treatment. 
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Figure 6-6. Proportion of propagule mortality after 6 months (summer excluded). Error bars 

represent the standard error of the mean for each treatment. 
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Figure 6-7. Propagule mortality after 6 months (plantlets excluded). Error bars represent the 

standard error of the mean for each treatment. 
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Chapter 7: General Discussion  

Seagrasses are submerged marine angiosperms forming critical marine habitat across the 

world yet are declining at unprecedented rates. As global change accelerates, restoration will 

likely be critical for improving resilience of seagrass. Where restoration has demonstrated some 

success, it has also been shown to reduce recovery periods 10-fold (Reynolds et al. 2016). This 

work provides novel information regarding Heterozostera nigricaulis biology and propagation 

including: (1) habitat preferences and recovery trends, (2) collection and storage of reproductive 

material, (3) cues for seed germination, and (4) seasonal clonal transplanting success. 

Collectively, these studies demonstrate successful methods for land-based seagrass conservation 

and restoration, including outdoor, flow-through marine aquaculture systems, while advancing 

capacity for laboratory and field-based seagrass restoration.  

Research included in this thesis demonstrates seagrasses in Port Phillip Bay occupy a 

range of sandy sediments from very fine sand to coarse grain sizes.  The research demonstrates 

some tolerance for a wide range of sediment nutrients, seasonal air/water temperature, and 

chemical/nutrient loading (phosphorus, carbon, nitrogen and salinity) can be variable across the 

range of Heterozostera in Port Phillip Bay, potentially explaining the range of  phenotypic 

diversity in flowering (Smith et al. 2016). In addition, subtidal coverage of Heterozostera can 

change significantly over the course of a year or two, and over decadal periods (Chapter 2).  

This thesis provides methodologies for identification, collection, transport and processing 

of seagrass propagules, which may be collected for use in field restoration or laboratory 

examinations (Chapter 3-6).  Seeds should be collected over a period of approximately 3 to 4 

weeks in the late Austral spring (November-December), when flowers are maturing, but prior to 

release of spathes from the flowering shoots.  Once the spathes are released, collection is 
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impractical. The timing of flowering in Heterozostera can be variable in different regions (Smith 

et al. 2016), suggesting the important role environmental factors may play on flowering and seed 

production. Regular visits to proposed seed sampling sites are advised to ensure the plants are 

allocating resources to seed in any given year and to observe flowering as it progresses to ensure 

optimal seed fecundity at the time of collection.  

Variable effects of chemical nutrients correlate with measures of seed viability and 

germination success. Nitrogen, while championed as supporting growth of asexual colonization 

and recruitment into barren areas (Hirst et al. 2016), may actually prohibit seed germination and 

growth (Chapter 4).  On the other hand, copper sulphate loading may cue seed germination and 

prohibit growth of pathogenic microbes (Chapter 5). Copper is a known microbial inhibitor, 

specifically for fungal species, including those known to induce seagrass disease (Govers et al. 

2017). The relationship between nutrients, microbes and reproductive success and subsequent 

seedling success is not very well understood but begs further investigation.  

Improved environmental and baseline microbial sampling, especially of known seagrass 

diseases (Sullivan et al. 2017c), may lead to easier and more reliable protocols for managers 

making assessments of seagrass population health, and decisions about resource allocations for 

seagrass conservation and restoration planning. Disease can play a major role in shaping 

ecological function of seagrass systems (Cottam & Munro 1954). However, little was known of 

seagrass diseases in Australia until recent discoveries suggested it was an important topic to 

consider when assessing the resilience of Australian meadows (Sullivan et al. 2017a, Trevathan-

Tackett et al. 2018). Continued explorations of host-pathogen interactions and their effects on 

resistance and recovery allow for an expansion of our understanding of the complex ecology of 
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microbial communities known to drive ecological processes, including recovery, of seagrass 

meadows.  

We demonstrate a practical and successful method for growing three clonal Heterozostera 

propagules in a land-based coastal aquaculture facility for use in laboratory or mesocosm studies, 

and potentially for transplanting in support of wild population recovery in the future (Chapter 6).  

We tested the variation in growth and survival of three types of transplanted seagrass propagules, 

in two sediment types, across four seasons and sampled at two time periods. We found all three 

clonal propagule types (rhizomes, plantlets and stalks) may play a role in recovery and resilience 

of a Heterozostera populations, as they are capable of being released (as a result of plant 

fragmentation), surviving separation from the parent plant, dispersing to another location and 

reestablishing roots and rhizomes.  This is true for every clonal propagule tested and, in every 

season, with the exception of plantlets, which could not be studied in summer since they could not 

be located at the sampling site. Causes of plantlet disappearance were hypothesized to be either 

release of propagules, as evidence of fragile attachments and release from vegetative stems, 

and/or transfer to sediments, where plants lay flat and the propagules could be found coming up in 

the sediments.  

The final papers presented in this thesis build on existing studies of Heterozostera 

nigricaulis and fill key knowledge gaps in our understanding of Heterozostera resilience, 

including detailed information about (1) morphological and phylogenetic characteristics of 

Heterozostera nigricaulis; (2) biogeography of seagrass populations and coverage trends in Port 

Phillip Bay, Victoria; (3) the role of refrigeration and sterilisation in long-term Heterozostera 

seed storage; (4) cues and inhibitors of Heterozostera nigricaulis seed germination and seedling 
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establishment; and (5) variability in establishment of Heterozostera nigricaulis propagules and 

growth rates at different sites represented in Port Phillip Bay.  

Key findings from these studies are: 
1. Environmental variables that may drive seagrass resilience and recovery, such as 

sediment structure, wind and wave exposures, nutrient concentrations, salinity, and 

temperature, must be rigorously tested in the field to gain a better understanding of 

seagrass reproduction and effectiveness in restoration of wild populations. The 

severity of disturbances and natural variability between seasons and seagrass sites 

varies bay wide. Advancing basic science in support of seagrass biology and 

restoration planning provides seagrass ecologists and coastal planners with a 

clearer picture of natural drivers in regional and global seagrass populations.  

2. Understanding the role of temperature, sterilisation, sediments, nutrients and 

disease in seed viability, germination, growth and dispersal may also help us 

understand the implications and risks associated with long-term range shifts for 

seagrass-associated organisms and short-term assessment models to guide recovery 

following acute losses of seagrass. 

3. Copper sulfate additions to seeds treated in full salinity (35) and ambient 

temperature (20-21°C) quickly cues germination (<1 week).  The exact 

mechanisms involved should be investigated, as this is a novel discovery for 

Zosteraceae. Additionally, the effect of the treatment on long-term development is 

needed. 

4. We discovered that asexual propagule recruitment (through transplanting or 

translocating) is possible in any season and may occur in any one of three unique 
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propagule types observed for this species. Still, growth and propagation trends 

demonstrate some seasonality in success of land-based aquaculture transplantation 

that can be utilized to increase production and outputs.   

Ultimately, understanding how likely seagrass communities are to recover from large-

scale disturbances and loss will help seagrass managers prioritize seagrass conservation and 

restoration efforts.  Sediment and nutrient conditions both enhance and limit resistance and 

recovery of subtidal H. nigricaulis ecosystems. These experiments add to existing knowledge of 

Zosteraceae resilience in the southern hemisphere, and specifically provide a first step in 

progressing basic research into Heterozostera nigricaulis ecological restoration strategies for 

Victoria.  

In summary, this dissertation builds upon previous ecosystem resilience work, 

contributing new protocols for land-based aquaculture of temperate Australian and Chilean 

seagrass. Specifically, this dissertation investigates the roles of biogeochemical conditions, 

including temperature, sediment and nutrient conditions on sexual and clonal resistance and 

recovery mechanisms (and bottlenecks). New information in this dissertation will inform 

restoration ecologists about effective collection, storage, cultivation and transplanting techniques 

that lead to the success of cultivated Heterozostera populations. We contribute some evidence 

that Heterozostera nigricaulis is a highly resilient seagrass species, able to utilize several types of 

reproductive propagules to establish new plants and communities following separation from 

parent materials, and also under a variety of environmental conditions.  Heterozostera are the 

most recently evolved seagrasses in the Zosteraceae (Coyer et al. 2013) and are facing increasing 

pressure from urban development and anthropogenic climate change (Holland & Bitz 2003). Due 

to recent evolution and adaptation to warmer temperatures and higher levels of UV radiation, 
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Australian temperate seagrasses may be better prepared to adapt to changing conditions than other 

Zosteraceae.  Some evidence suggests that southern hemisphere Zosteraceae present variable 

immunity to a common seagrass pathogen and may be more resilient to infection than Zostera 

marina (Trevathan-Tackett et al. 2018). Continued support for research into the resilience of 

submerged aquatic vegetation in Port Phillip Bay (and temperate Australia more broadly) should 

remain a focus of delivering applied coastal conservation and recovery results where desired.  
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