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Abstract 

Seeds are potentially an ecologically sustainable source of planting units for restoring 

seagrasses. However, seeds of the temperate Australian seagrass Posidonia australis Hook. 

f. germinate before shedding (vivipary), and this lack of dormancy means that seeds cannot 

be banked for later use in restoration. To extend the timeline for seed-based restoration, this 

study investigated conditions for culturing seedlings in land-based aquaculture facilities, 

examining approaches to preconditioning seedlings with the aim of optimizing their vigour 

before transplanting into the field. 

Growth conditions in culture were tested in four separate experiments. In addition, a 

series of pilot-scale studies investigated strategies to establish seedlings in the field. Growth 

responses were examined firstly for three sediment types (unsorted carbonate, unsorted 

silicate and well-sorted silicate), with and without addition of organic matter. Seedling leaf, 

root, rhizome and total biomass increased when organic matter was added to unsorted 

carbonate and unsorted silicate sediment but not well-sorted silicate sediment. Root length 

and number of lateral root branches was also greatest in unsorted sediments, and when 

organic matter was added.  

A second component examined whether growth of seedlings could be enhanced by 

adding inorganic nutrients to the sediment. Sediments were supplemented with inorganic 

nitrogen (N) and phosphorus (P) in a factorial design (no nutrient addition, +N, +P, +N+P). 

Growth of seedlings was not enhanced by addition of N or P to the sediment despite 

nutrient uptake. Leaf mass, leaf area and leaf production were unchanged by nutrient 

additions whereas the size of the seedling root system, in terms of biomass, length and the 

density of lateral root branches was significantly reduced. 
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A third experiment involved manipulation of irradiance levels. Seedling growth was 

optima at 70% surface irradiance (Es), with maximum leaf, root, rhizome and whole 

seedling biomass, leaf production, leaf surface area and root length. Although higher (100% 

Es) and lower irradiances (50 and 30% Es) resulted in significantly reduced growth, 

seedlings appear adaptable to variable light conditions suggesting that seedlings may 

establish in restoration sites with different levels of water clarity and at different depths. 

A final experiment investigated seedling growth response to water flow. Seedlings 

cultured at low water flow (1 cm s-1) had the greatest total and lateral root length. Seedlings 

cultured at low and high water flow (1 and 15 cm s-1) had increased leaf, root, rhizome and 

whole biomass compared to seedlings with medium water flow (8 cm s-1). High epiphyte 

loads in the medium water flow regime are likely to have contributed to the reduced 

growth, as lower photosynthetic rates (ETRmax) and reduced potential quantum yield of 

photosynthesis (Fv/Fm), were also measured for these seedlings.  

This investigation demonstrated that with careful selection of suitable conditions in 

aquaculture facilities and rigorous husbandry practices, larger P. australis seedlings with 

more substantial root systems could be produced for incorporation into restoration projects. 

Seedlings under experimental manipulation could be grown with no mortality. By growing 

P. australis seedlings in land-based aquaculture facilities, their availability was successfully 

extended from only a few weeks after seed release to at least seven months, with many 

individuals surviving for up to three years.  
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Chapter One 

General Introduction 

Seagrasses, marine angiosperms comprising approximately 60 species across 12 genera, are 

distributed in all coastal regions of the world except Antarctica (Short et al. 2007). 

Seagrasses are recognised for their integral role in coastal ecosystem functioning (Duarte 

2000) as well as their economic importance (Costanza et al. 1997). However, seagrass 

meadows are declining globally with loss rates accelerating over the past two decades due 

to increased anthropogenic pressures from more than a billion people living within 50 km 

of the coast (Waycott et al. 2009). 

 

Given the ecological and economic importance of seagrasses, considerable attention is 

being directed towards protecting and conserving existing populations (Duarte 1999; Orth 

et al. 2002) and restoring degraded habitats (Fonseca et al. 1998; Lord et al. 1999). 

Restoration of degraded seagrass habitats has predominantly relied on the use of adult 

shoots as a source of planting units (Fonseca et al. 1998; Bastyan & Cambridge 2008; 

Paling et al. 2009). Adult shoots have been favoured as they are readily available 

throughout the year and result in an immediate return of plants to the area being restored. 

However, a growing concern with collection of adult shoots is that extraction is generally 

destructive and could potentially lower donor meadow survival, especially for large, slow-

growing species like Posidonia australis which have slow recovery rates after disturbance 

(Kirkman & Kuo 1990; Meehan & West 2000).  In addition, transplanting adult shoots can 

reduce genetic diversity in the population being restored (Williams 2001), and can be 

expensive for large-scale operations, particularly when mechanical harvesters and planters 

are used (Fishman et al. 2004; Paling et al. 2009). 
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Seeds, an alternative to adult shoots, represent a more ecologically sustainable and 

potentially economically feasible source of plant material for large-scale restoration (Lewis 

1987). Seeds are also likely to maintain the genetic diversity of transplanted seagrasses. 

Many species of seagrass produce an abundance of seed (Orth et al. 2006a) that offer a 

significant source of planting units, which, like seed collection in the terrestrial 

environment and unlike transplants, can be obtained without a direct negative impact on the 

integrity of the donor population. For example, 24.2 million Zostera marina seeds were 

harvested from Chesapeake Bay, U.S., without adverse impact on the donor beds (Orth et 

al. 2006b). Also, large numbers of seeds can be collected efficiently, and their 

comparatively small size means large numbers are easily managed (Marion & Orth 2010). 

However, a barrier to using seed is that their availability can be spatially and temporally 

variable (Orth et al. 2006a), though this can be overcome in species that have a distinct 

seed-dormancy period. Seeds with a distinct dormancy period can be collected, cleaned and 

stored for some months (Granger et al. 2002; Marion & Orth 2010), with some species even 

capable of storage for many years (McMillan 1981). 

 

In contrast, genera with large seeds and no dormancy, such as Posidonia or Thalassia 

present particular problems for restoration programs.  Posidonia australis, the most 

widespread of the temperate Australian Posidonia species and the focus of recent 

restoration trials, has viviparous seeds that  develop directly into seedlings when released 

from the parent plant. This limits seed availability to only a few weeks in each year. Since, 

traditional methods for storing seeds cannot be used for P. australis as well as other species 

that lack seed dormancy, one method that has the potential to extend the period of seed 



4 
 

availability is to collect seeds and then grow seedlings in aquaculture facilities until they 

are required for transplanting in situ.  This approach could also have additional benefits. 

For example, environmental conditions could be manipulated in culture to enhance seedling 

growth, and thereby, their size and vigour prior to transplanting (Tanner & Parham 2010). 

This approach has recently been demonstrated to increase establishment success of Z. 

marina seedlings compared to transplanted adult shoots (Tanner et al. 2010) and may also 

be a method to improve seedling re-establishment for species with large viviparous seeds 

such as Posidonia that have poor survival and growth when planted directly into the field 

(Kirkman 1998). 

 

At present, this approach is constrained by the lack of quantitative information needed to 

successfully grow P. australis seedlings in culture. Virtually all of the information on P. 

australis growth requirements is derived from studies on transplanted adult shoots and 

mature established meadows (West 1990; Cambridge & Hocking 1997; Cambridge & 

Kendrick 2009). While these studies have provided valuable information on growth 

requirements of P. australis seagrasses, seeds however, may have different responses and 

require growing conditions that exceed those of adult plants.  For example, new germinants 

may be limited by their capacity to capture crucial above- and below-ground resources due 

to their under-developed leaves and root systems (Duarte & Sand-Jensen 1996; Kaldy & 

Dunton 1999). In addition, vulnerability of seeds under sub-optimal conditions is likely to 

be greater than adult plants as they lack the capacity to draw upon significant rhizome 

storage reserves. The large seeds of Posidonia however, contain substantial reserves of 

starch and mineral nutrients (Hocking et al. 1980; Hocking et al. 1981), which may buffer 

the developing seedling under sub-optimal conditions for the first months of establishment.  
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There is already a significant body of information on environmental factors known to 

influence survival and growth of seagrasses and other aquatic plants documented in the 

literature. These are often from field studies, with a few exceptions for seagrasses in culture 

but they provide a background for determining suitable environmental conditions for long-

term culturing of Posidonia.  

 
  

Review of environmental factors influencing seagrass growth and development 

Light 

The most important environmental factor for successful culture of any photosynthetic 

organism will ultimately concern the availability of light. Photosynthetic performance, 

growth and survival of seagrasses are directly linked with the availability of light (Ochieng 

et al. 2010). Seagrasses have differing light ranges for optimal growth, depending on the 

state of development as well as the characteristics of the species (Abal et al. 1994; Short et 

al. 1995; Grice et al. 1996; Vermaat & Verhagen 1996; Perelta et al. 2002; Ochieng et al. 

2010).  

 

Insufficient light, or too much light can severely limit photosynthesis and thereby, their 

growth and survival. Studies along natural depth gradients and on experimentally imposed 

shading of seagrasses have found that a reduction in light availability causes a reduction in 

growth rates and a loss of biomass (Lee & Dunton 1997; Ruiz & Romero 2001; Perelta et 

al. 2002; Collier et al. 2007). A negative linear relationship between depth and shoot 

densities has been observed for established P. australis meadows at four sites in south 

eastern Australia (West 1990). Experimentally imposed shading to 10% surface irradiance, 
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Es was reported to lower leaf growth rates and shoot weight of P. australis meadows and 

lead to shoot mortality in some cases (Fitzpatrick & Kirkman 1995). Reduced light 

availability, caused by increased epiphyte cover on P. australis meadows at eutrophied 

locations also resulted in reduced leaf standing crop, shoot density and leaf production 

(Silberstein et al. 1986).  

 

Conversely, an increase in light availability, for example, at midday or when tides are at 

their lowest can also result in reduced photosynthesis (Ralph & Burchett 1995). In outdoor 

mesocosms, Zostera noltii transplants and Halophila stipulacea seedlings cultured at full 

sunlight, 100% Es, had reduced growth (Perelta et al. 2002; Malm 2006). Outdoor cultures 

of seagrass are also exposed to diurnal and seasonal changes in irradiance levels. Irradiance 

may vary during the day and season between limiting and possibly inhibiting 

photosynthesis, and may induce stress on seagrasses in culture. 

 

Nutrients 

Seagrasses possess a functional root system acquiring significant nutrient resources from 

the sediment to support growth. In culture systems, natural replenishment of sediment 

nutrients is likely to be low, thus sediment nutrient availability may be a crucial growth-

limiting factor for seagrasses in culture systems. In field-based studies, addition of 

inorganic nitrogen (N) and phosphorus (P) to the sediment has been demonstrated to 

increase leaf and rhizome growth in established beds and transplanted seagrasses (Orth 

1977; Bulthius & Woelkerling 1981; Ferdie & Fourqurean 2004). Also, studies adding 

nutrient supplements to transplanted adult shoots and seedlings in culture have reported an 

increase in biomass and growth rates (Roberts et al. 1984; Tanner & Parham 2010). 
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However, in a short-term trial (2-6 months ) transplanted P. australis adult shoots showed 

no positive response to addition of N or P to the sediment (Hovey et al. 2011), but in longer 

term experiments (2 years), growth overall showed small but significant variation with 

nutrient addition (Cambridge & Kendrick 2009).  Sediment nutrient additions can also 

influence the allocation of biomass in seagrasses, with biomass allocated to shoot rather 

than root growth under conditions of increased sediment nutrient availability (Hemminga & 

Duarte 2000; Lee & Dunton 2000; Peralta et al. 2003). Studies that have examined the 

influence of nutrient availability on seagrass root morphology and root architecture have 

found either little change, reduced root growth (Kiswara et al. 2009; Hovey et al. 2011) or 

an increase in root length (Tanner & Parham 2010).  

 

Sediment composition 

Posidonia australis inhabits a wide range of sheltered coastal and estuarine habitats across 

the temperate southern half of Australia and up to the tropics (Cambridge & Kuo 1979). 

Within these habitats, there is considerable variation in the texture and origin of the 

sediments (Carruthers et al. 2007) as well as organic content (Cambridge & Kendrick 

2009). Organic matter represents a small but important fraction in seagrass sediments, 

stimulating microbial mineralization and providing a source of nutrients for uptake by 

plants (Holmer et al. 2001; Evrard et al. 2005; Kilminster et al. 2006). Additions of small 

amounts of organic matter to aquatic sediments are found to improve nutritional quality of 

the sediment and increase shoot biomass (Sand-Jensen & Sondergaard 1979). However, 

sediment texture and sediment origin can alter the availability of these nutrients for plant 

uptake, influencing growth (Short 1987; Erftemeijer et al. 1994; Koch 2001). As seagrasses 

become established, they tend to enhance deposition of fine-textured inorganic and organic 
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particles so that seagrass sediments become less well-sorted and organic-rich compared to 

bare adjacent sites (Grady 1981; Heiss et al. 2000; Terrados & Duarte 2000; Koch 2001). 

Fine-textured organic-rich aquatic sediments generally have greater nutrient availability 

than sandy low organic sediments and tend to support better growth in seagrasses in culture 

(Kenworthy & Fonseca 1977; Tanner & Parham 2010). Short (1987) suggested that 

sediment origin (marine vs. terrestrial) also influenced the availability of nutrients for plant 

uptake. Seagrasses growing in sediments of marine origin (carbonate) can be limited by the 

availability of P (Powell et al. 1989; Short et al. 1990) due to the adsorption of phosphate to 

carbonate sediments. However, in calcareous sediments sediment texture can also influence 

the availability of P. For example, Erftemeijer et al. (1994) suggested that calcareous 

sediments composed of coarse-textured particles had greater P-availability compared to 

fine-textured calacareous sediments due to the reduced P-binding adsorptive area.  In 

siliceous sediments of terrestrial origin, nitrogen availability typically limits seagrass 

growth (Short 1987; Alcoverro et al. 1997; Cambridge & Kendrick 2009). 

 

Water flow 

Water motion influences many aspects of seagrasses in the underwater environment (Koch 

2001). Increased water velocity has been found to enhance seagrass productivity and alter 

plant morphology (Fonseca & Kenworthy 1987; Perelta et al. 2006).  Water motion can 

serve to replenish the supply of dissolved (in)organic nutrients and inorganic carbon to the 

leaf surface (by reducing the thickness of the diffusion boundary layer), increasing the rate 

of photosynthesis under saturating light (Koch 1994; Enriquez & Rodriques-Roman 2006).  

Increased bulk flow of nutrients to the leaves can improve uptake rates of ammonium at the 

leaf surface (Thomas et al. 2000) with uptake rates enhanced in oscillatory versus 
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unidirectional flow (Thomas & Cornelisen 2003). In addition, water motion can increase 

the exchange of overlying water column with the sediment as a result of pressure gradients 

forming around seagrass shoots (Nepf & Koch 1999). An increased exchange of overlying 

water with the sediment can contribute to the advection of nutrients from the sediment to 

the leaf surface (Nepf & Koch 1999), flush out toxic sulfides (Koch 1999), or conversely, 

increase the flux of organic particles into the sediment (Huettel et al. 1996).  Negative 

effects of increased water motion include damage to leaves, breakage of shoots, or 

dislodgement of the whole plant due to sediment erosion (Scoffin 1970; Fonseca et al. 

2007), all of which can result in a reduction in plant biomass and growth rate. 

 

Aims and chapter outlines 

The aim of this thesis was to investigate the influence of environmental factors on long-

term growth and survival of Posidonia australis seedlings in land-based aquaculture 

facilities (Fig.1.1). This work assessed the whole seedling (leaf/root) growth and 

morphological response to below- and above-ground abiotic factors. Experiments were 

conducted at the Watermans Bay Marine Research Facility, Western Australia where 

seedlings were cultured in large, outdoor tank systems receiving through-flow sand-filtered 

seawater, ambient light and temperature. 
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Figure 1.1: Schematic thesis layout showing environmental conditions investigated in a 

series of experiments on factors influencing growth and development of P. australis 

seedlings in culture, described in chapters 2-5 with a synthesis of findings in chapter 6. (? 

indicates unknown response of P. australis seedlings to this abiotic factor at present. Each 

chapter will address how P. australis seedlings respond to each of these abiotic factors)  

 

Chapter 2 tested the effects of three contrasting sediment types with and without the 

addition of organic matter on seedling survival, biomass and morphology in tank culture for 

a period of seven months. Sediment types tested were based on sediments typically found 
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in temperate Western Australian nearshore coastal waters. Organic matter added to each 

sediment type was the refractory carbon remains of seagrass tissues after months of natural 

decay. 

 

Chapter 3 examined the response of seedlings to sediment addition of inorganic nutrients. A 

single application of inorganic nitrogen (N) and phosphorus (P) were added to sediments in 

a factorial design, measuring biomass accumulation and allocation, leaf and root 

morphology and root architecture, as well as nutrient status of seedlings over four months 

post seed release.  

 

Chapter 4 manipulated irradiance levels to identify the most suitable irradiance level for 

long-term culture of P. australis seedlings. Light availability was manipulated by using 

different density shade material, testing four levels of surface irradiance, Es, 100% (full 

sunlight), 70%, 50% and 30% Es. This study monitored survival and evaluated changes in 

growth, root/leaf development and photophysiology of P. australis seedlings in response to 

variation in irradiance levels.  

 

Chapter 5 determined the most suitable water flow regime for long term culture of 

seedlings.  Seedlings were cultured at three levels of water velocity; low (control - 1 cm s-

1), intermediate (8 cm s-1) and high (15 cm s-1) assessing growth, morphology and 

photophysiology over five months post seed release.  
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Chapter 6 presented a synthesis of the findings in this study in terms of characterizing 

optimal environmental conditions for growing seedlings in culture and the potential of seed 

as a planting unit for restoration of Posidonia australis seagrasses 
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Chapter Two 

Aquaculture of Posidonia australis seedlings for seagrass 

restoration programs: effect of sediment and organic 

enrichment on growth 

 

2.1 Introduction 

Restoration is increasingly used as a strategy to mitigate for the loss of seagrasses (Fonseca 

et al. 1998; van Katwijk et al. 2009). Planting units sourced for restoring seagrasses have 

predominantly relied on adult shoots (Fonseca et al. 1998; Bastyan & Cambridge 2008; 

Paling et al. 2009). Adult shoots have been favored as they are readily available throughout 

the year. However, collection of adults shoots causes damage to the donor meadow and can 

be expensive for large-scale operations, particularly when mechanical harvesters and 

planters are used (Fishman et al. 2004; Paling et al. 2009). In contrast, seeds represent a 

more ecologically sustainable and potentially economically feasible source of plant material 

for large-scale restoration. Although seed production may be spatially and temporally 

variable (Orth et al. 2006a), this has been overcome in species that have a distinct seed-

dormancy period, for example, Zostera marina, by collecting, cleaning and storing seeds 

for some months (Granger et al. 2002). However, genera with large seeds and no dormancy, 

such as Posidonia or Thalassia present particular problems for restoration programs.  Seeds 

of our study species, Posidonia australis, which is endemic to temperate Australia, are 

viviparous seeds that directly develop into seedlings when released from the parent plant. 

This limits seed availability to only a few weeks in each year. One method that has the 

potential to extend the period of seed availability is to collect seeds and then grow seedlings 

in aquaculture facilities until they are required for transplanting in situ.  
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Posidonia australis inhabits sandy sediments, though sediment texture and sediment origin 

vary widely across the species range (Carruthers et al. 2007; Cambridge & Kendrick 2009).  

Sediment texture and sediment origin can alter the availability of nutrients for plant uptake 

and influence seagrass growth (Short 1987; Erftemeijer et al. 1994). As seagrasses become 

established they enhance deposition of fine-textured particles so that seagrass sediments 

become less well-sorted (Terrados & Duarte 2000). Sediments composed of fine-textured 

particles generally have greater nutrient availability (Haslam 1978) and have been found to 

support better growth in seagrasses (Kenworthy & Fonseca 1977; Tanner & Parham 2010). 

Seagrasses growing in sediments of marine origin with a high proportion of calcium 

carbonate can be limited by the availability of phosphorus due to the adsorption of 

phosphate to calcium ions  (Short et al. 1990). However, calcareous sediments composed of 

coarse-textured particles can have greater P-availability compared to fine-textured particles 

due to the reduced P-binding adsorptive area (Erftemeijer et al. 1994).  In siliceous 

sediments of terrestrial origin, nitrogen availability typically limits seagrass growth (Short 

1987; Alcoverro et al. 1997; Cambridge & Kendrick 2009). 

 

Seagrass beds also tend to accumulate organic matter (Mateo et al. 2006). Organic matter 

represents a small but important fraction in seagrass sediments, stimulating microbial 

mineralization and providing a source of nutrients for uptake by plants (Evrard et al. 2005; 

Kilminster et al. 2006). Organic matter accumulating in seagrass sediments may come from 

several sources including, seston, macroalgae, epibionts, and seagrass detritus (Marba et al. 

2006). However, organic matter from anthropogenic pollution leading to eutrophic 

environments, often has a highly negative impact on seagrass growth and survival 
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(Cancemi et al. 2003) as well as the bacterial community in the rhizosphere (Garcia-

Martinez et al. 2009). In oligotrophic environments, seagrass detritus is often the dominant 

microbial carbon source (Jones et al. 2003; Holmer et al. 2004).   

 

In this study we tested the effect of sediment composition on the survival, growth and 

development of P. australis seedlings in a land-based aquaculture facility. Specifically, we 

tested the effects of three contrasting sediment types with and without the addition of 

seagrass detritus on seedling biomass and morphology in tank culture for a period of seven 

months. Sediment types tested were based on sediments typically found in temperate 

Western Australian nearshore coastal waters. Unsorted calcium carbonate-based sediments 

are typical of sheltered waters off the west coast, unsorted, silicate-based sediments are 

characteristic of sheltered waters off the south coast, and well-sorted silicate-based 

sediments are a feature of wave-exposed locations (Carruthers et al. 2007). Organic matter 

added to each sediment type was the refractory carbon remains of seagrass tissues after 

months of natural decay. 

 

2.2 Methods 

2.2.1 Seedling collection 

Mature P. australis fruit were collected from Woodman Point, Western Australia 

(32o08’10”S, 115o44’31”E). Maturity was monitored over a four week period prior to 

collection to obtain the most mature fruit (Fig. 2.1a). Fruit were maintained in ambient 

seawater (17oC) and transported to the Watermans Bay Marine Research Facility. 

Harvested fruit were left to dehisce naturally over three days in a 350 l holding tank, 

receiving natural light and through-flow filtered seawater (15 l min-1). Dehiscence of 
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mature fruit (98% of total fruit collected) resulted in seedlings falling to the bottom of the 

holding tank. Seedlings were sorted and assessed for viability: presence of an intact seed, 

developing shoot and radical (Fig. 2.1b). Six-hundred seedlings with a mean seed length of 

15 mm (± 1 mm) were selected for the experiment (Fig. 2.1c). 

 

2.2.2 Experimental design and set-up 

The effects of sediment type and organic matter content on P. australis seedling growth and 

morphology over time were determined using a factorial design - 3 (sediment types) x 2 

(organic matter addition) x 4 (harvest times). Sediment characteristics are shown in Table 

2.1. Organic matter was sourced from beach wrack and consisted of Posidonia leaves, roots 

and fibrous leaf sheaths, dried at 60oC for three days and ground to pass through a 2mm 

sieve. The ground organic matter had low nutrient concentrations, <1% N and <0.07%P.  

For organic matter additions, 9g was mixed thoroughly to 600g of sediment to yield a total 

of 1.5% dry wt. organic content. 

 

One-hundred replicate seedlings were allocated to each of the six sediment composition 

treatments that were assigned randomly to circular tanks (1500 mm diameter x 600 mm 

depth, Fig. 2.1d, e), supplied with gravity fed through-flow (15 l min-1), sand-filtered 

seawater (salinity~35 ‰, 18-23o C).  Individual seedlings were planted into mesh-lined 

square pots (70 x 70mm, 210 mm height) and sown to a depth of 20 mm below the 

sediment, leaving no less than 10 mm of shoot exposed (Fig. 2.1f). Pots were moved every 

two-three days to avoid any potential artifact in regards to position in the tank. 
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2.2.3 Sediment characteristics  

To ensure that sediment types used could be readily sourced for future large-scale culture of 

P. australis seedlings, sediments were collected from reliable and readily accessible 

sources that caused no damage to existing seagrass beds. Unsorted calcareous sediments 

were sourced from marine dredging of seagrass habitat in Cockburn Sound, south of Perth, 

Western Australia. Unsorted siliceous river sand (organic free) and well-sorted siliceous 

sand (oganic free) were purchased from a commercial sand supply source. 

Sediments were dried in an oven at a temperature of 60oC for 72 hours and weighed (g dry 

wt.) and size fractions were determined by sieving dried sediment (see Table 2.1). Organic 

content was determined by combusting 20 g of oven-dried sediment, for 4 hours at 450oC. 

Combusted sediments were then weighed and percent organic content was calculated 

(Erftemeijer & Koch 2001). Sediment calcium carbonate (CaCO3) content was determined 

by calculating the weight loss of a 3 g sample after acidification with HCl (Erftemeijer & 

Koch 2001). Porosity (%) was determined by calculating the weight gain of 100 g of dried 

sediment after saturation with water. Bulk density (g ml-1) was determined by weighing a 

30 ml beaker filled with dried sediment.   Sediment redox potential (Eh) was measured 

three months after sediments were installed into tanks using a platinum electrode connected 

to a pH meter and measured as millivolts (Erftemeijer & Koch 2001). Evidence of sulfide 

production was assessed from Ag2S precipitate after placing silver coated metal rods into 

each sediment type three months after sediments were installed in tanks (Frederiksen et al. 

2006). 
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2.2.4 Harvesting and measurements  

Ten seedlings were harvested from each sediment composition at one, three, five and seven 

months after planting. At harvest, each seedling was carefully removed from its pot to 

preserve the root system intact (Fig. 2.1g). Seedlings were cleaned of epiphytes and then 

separated into their component parts (leaves, roots, rhizome and seed). Fresh root and leaf 

material was submersed in water on a shallow Perspex tray, scanned and WinRhizo 4.0 

software was utilized to assess total root length (m), lateral root length (m), lateral root 

number and leaf surface area (cm2). All material was then dried in an oven at 60oC for 72 

hours and weighed.  
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Figure 2.1: Stages of Posidonia australis seedling development and tank culture 

environment. Initially seedlings were collected as mature fruit attached to the 

inflorescence: (a) shows an inflorescence with three mature fruit (up to 20) with a 

lateral section of one fruit removed to reveal a developing seedling inside (arrow), 

(b) newly released seedling (1 day old) with a well-developed and intact shoot, 

radicle and seed, (c) 1 week old seedlings prior to planting (each small square 

represents 1 cm2), (d) whole tank system (12 tanks), (e) tank design for culturing 

seedlings, (i) spray bar directing water in a circular manner (arrow), (ii) internal 

stand-pipe to remove surface particles (marine and aeolian) to maintain light 

penetration, (f) week-old seedlings planted into mesh-lined pots, (g) 7 month old 
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seedlings with intact root system grown in the land-based aquaculture facility at 

Watermans Bay facility (each small square represents 1 cm2), and (h) 18 month old 

seedlings with multiple shoots and extensive root development, grown in the land-

based aquaculture facility at Watermans Bay facility (each small square represents 1 

cm2). 
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Table 2.1: Characteristics of each sediment type; unsorted calcareous, unsorted silicate and well-sorted silicate, with (+) and 

without (-) organic matter (OM). 

 Unsorted Calcareous Unsorted Silicate Well-sorted Silicate 

Characteristics (-) OM (+) OM (-) OM (+) OM (-) OM (+)OM 

       

Sediment Texture (% dry wt.)       

        clay/silt (<63 um) 4.77 4.89 11.53 11.63 1.64 1.75 

        fine sand (63-300 um) 33.18 32.8 14.51 15.81 4.65 3.71 

       medium sand (300-710 um) 59.05 57.31 26.24 29.11 88.08 87.41 

       coarse sand (>710 um) 3 2.85 47.22 45.21 5.62 4.83 

Organic content (% dry wt.) 0 1.5 0 1.5 0 1.5 

Bulk density (g ml
-1

) 1.57 1.41 1.79 1.66 1.72 1.67 

Porosity (%) 37.5 38.21 26.25 27.5 35.75 36.5 

CaCO3 (%) 80 80 0 0 0 0 

Eh* -38.56 
(± 0.96) 

 

-47.18 
(± 1.40) 

 

-15.64 
(± 2.24) 

 

-30.22 
(± 1.14) 

 

-17.2 
(± 1.55) 

 

-24.84 
(± 2.04) 

 

Ag2S precipitate* No 
 

Yes 
 

No 
 

Yes 
 

No 
 

Yes 
 

*measured after three months
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2.2.5 Plant nutrient analysis 

After seven months growth the second largest mature leaf of three replicate seedlings from 

each sediment treatment were used for nutrient analysis. Leaf tissue was dried for 72 hours 

at 60oC and ground to a fine powder in a steel ball-mill. Nitrogen (N) concentration was 

determined by automated combustion and analyzed on a continuous-flow isotope ratio mass 

spectrometer (Europa Scientific Ltd., Crewe, UK.). All samples were standardized against a 

secondary reference of Radish collegate (3.167% N, δ15N = 5.71; 41.51% C, δ13C = -28.61) 

that was in turn standardized against primary analytical standards (IAEA, Vienna). 

Phosphorus (P) concentration was measured using a weak HCl (0.2N) acid digestion 

method (Fourqurean et al. 1992). Digested material was analyzed using the Technicon 

Autoanalyser II Industrial method No 329-74W/B with an AAII high resolution 

colorimeter. Elemental concentrations and ratios were calculated on a dry weight and mole: 

mole basis, respectively.   

 

2.2.6 Seed starch content  

After five months three seedlings were selected from each sediment composition treatment 

and their seeds were removed for assessment of seed starch content. Seeds were 

longitudinally sectioned and potassium iodide was applied to the internal portion of one 

half of each seed. Starch abundance was assessed qualitatively, inspecting under a 

dissecting microscope. 

 

2.2.7 Statistical analysis 

A three-way, fixed factor ANOVA (SPSS 15.0) was used to test for direct and interactive 

effects of sediment type (S), organic content (O) and harvest time in months (M) on 
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measures of seedling biomass and morphology. Where a significant main effect or 

interaction resulted (α = 0.05) a pairwise comparison using least significant differences 

(LSD) was used to test for significant differences in treatment means.   

A two-way, fixed factor ANOVA (SPSS 15.0) was used to test for direct and 

interactive effects of sediment type (S) and organic content (O) on the N and P 

concentrations in seedling leaf tissue. Prior to analysis, data was tested for homogeneity of 

variance using Shapiro-Wilks test and data transformed where necessary to meet the 

assumptions of homogeneity of variance.  

 

2.3 Results 

2.3.1 Survival and growth 

There was no seedling mortality over the seven month experimental period and excess 

seedlings not harvested during the experiment survived and grew in tank culture for more 

than 18 months (Fig. 2.1h).The addition of organic matter to the sediment significantly 

increased whole seedling, leaf and root biomass in unsorted calcareous and silicate 

sediments, but not to well-sorted silicate sediments. This increase was significant after 

seven months of growth (Table 2.2, Fig. 2.2). Sediment composition had no significant 

effect on biomass allocation (Table 2.2).  Rhizome biomass was significantly greater when 

organic matter was present in unsorted calcareous and unsorted silicate sediments (Table 

2.2) but was unaffected when organic matter was added to well-sorted silicate sediments 

(Fig. 2.3). 
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Table 2.2: Mean squares of seedling biomass from a three-way ANOVA. Pairwise comparisons (LSD) were conducted when a 

significant interaction or main effect was detected. Unsorted calcareous (C), unsorted silicate (U Si), well-sorted silicate (W Si), 

with (+) and without (-) organic matter (OM). Measures were conducted at 1, 3, 5, and 7 Months (M). 

Source df whole seedling biomass leaf biomass root biomass rhizome biomass root:shoot ratio 

Sediment Type (S) 2 10240* 1666* 1150* 49* 0.26 

Organic Matter (O) 1 18646* 1925* 2339* 91* 0.12 

Month (M) 3 115176* 12914* 20192* 269* 1.27* 

SxO 2 18828* 848* 2193* 31* 0.36 

SxM 6 7801 210 109 5 0.17 

OxM 3 5768 397 1207 7 0.1 

SxOxM 6 14646* 610* 531* 5 0.24 

Residual 186 1047 171 183 5 0.09 

Total 210      

Pairwise Comparisons       

  C(M7): (+)OM>(-)OM C(M7): (+)OM>(-)OM C(M7): (+)OM>(-)OM C: (+)OM>(-)OM (M1=M7)>(M3=M5) 

  U Si (M7): (+)OM>(-)OM U Si (M7): (+)OM>(-)OM U Si (M7): (+)OM>(-)OM U Si: (+)OM>(-)OM  

  W Si (M7): (+)OM=(-)OM W Si (M7): (+)OM<(-)OM W Si (M7): (+)OM=(-)OM W Si: (+)OM<(-)OM  

  (+)OM (M7): (C=U Si)>W Si (+)OM (M7): (C=U Si)>W Si (+)OM (M7): (C=U Si)>W Si (+)OM: (C=U Si)>W Si  

*, ** significant difference alpha <0.05 & <0.01, respectively. 
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Figure 2.2: (a) Whole seedling, (b) leaf, and (c) root biomass (mg dry wt.) of P. australis 

seedlings grown in three sediment types; unsorted calcareous (C), unsorted Silicate (U Si) 

and well-sorted Silicate (W Si), without (unshaded) and with (shaded) organic matter. 

Biomass was measured at each harvest period; 1, 3, 5 and 7 months after sowing 

(Interaction S x O x M, p < 0.05). Columns represent means (± 1 SE), n = 6. 
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Figure 2.3: Rhizome biomass (mg dry wt.) of P. australis seedlings grown in three 

sediment types; calcareous (C), unsorted Silicate (U Si) and well-sorted Silicate (W Si), 

without (unshaded) and with (shaded) organic matter (Interaction S x O, p < 0.05) Columns 

represent means (± 1 SE), n = 24. 

 

2.3.2 Root morphology 

Total and lateral root length as well as the number of lateral roots initiated was significantly 

greater in unsorted calcareous sediments than unsorted silicate sediments, and especially 

towards the end the experiment both were significantly greater than well sorted silicate 

sediments (Table 2.3, Fig. 2.4a, b, c, d). Increases in lateral root length accounted for much 

of the overall root increase, as demonstrated by the higher ratios of lateral root length to 

primary root length (Table 2.3, Fig. 2.4b) in the unsorted sediments.  

 

Organic matter added to sediments enhanced root growth in all sediments types, with 

significant increases in total root and lateral root length, ratio of lateral to total root length, 

and number of lateral roots initiated (Table 2.3, Fig. 2.5a, b, c, d). The relative sorting of 

the sediments were not an issue, nor their composition.  
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2.3.3 Leaf morphology 

There were no significant differences in leaf area between sediment types without organic 

matter (Table 2.3). Addition of organic matter increased leaf area for unsorted calcareous 

and unsorted silicate (SxO p<0.05, Table 2.3) but not well-sorted silicate sediments. 
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Table 2.3: Mean squares of root & leaf characteristics from a three-way ANOVA. Pairwise comparisons (LSD) were conducted 

when a significant interaction or main effect was detected. Unsorted calcareous (C), unsorted silicate (U Si), well-sorted silicate 

(W Si), with (+) and without (-) organic matter (OM). Measures were conducted at 1, 3, 5, and 7 Months (M). 

 

Source df total root length lateral root length lateral root initiation lateral:primary root length ratio leaf surface area 

Sediment Type (S) 2 3.05* 2.85* 4021.07* 10.81* 73.74** 

Organic Matter (O) 1 6.92* 7.06* 3461.32* 26.17* 147.43** 

Month (M) 3 11.67* 9.68* 8430.34* 41.92* 1248.11** 

SxO 2 0.22 0.03 4.7 0.69 39.45* 

SxM 6 0.51* 0.51* 226.99* 1.80* 5.19 

OxM 3 1.54* 1.28* 361.97* 4.44* 14.83 

SxOxM 6 0.11 0.03 60.16 0.38 14.98 

Residual 186 0.10 0.08 90.65 0.43 8.28 

Total 210      

Pairwise Comparisons       

  M5 & M7: (+)OM>(-)OM M3,M5 & M7: (+)OM>(-)OM M3,M5 & M7: (+)OM>(-)OM M3,M5 & M7: (+)OM>(-)OM C: (+)OM>(-)OM 

  M5: C>(U Si=W Si) M3: C>W Si M3: (C=U Si)>W Si M5: C>W Si U Si: (+)OM=(-)OM 

  M7: C>U Si>W Si M5: C>(U Si=W Si) M5: C>U Si> W Si M7: C>U Si>W Si W-S Si: (+)OM=(-)OM 

   M7: C>U Si> W Si M7: (C=U Si)>W Si  (+)OM: C>W Si 

*, ** significant difference alpha <0.05 & <0.01, respectively 
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Figure 2.4: Posidonia australis (a) total root length (m), (b) lateral root:primary root ratio 

(m m-1), (c) lateral root length (m), and (d) number of lateral root branches initiated for 

seedlings grown in three sediment types; unsorted calcareous (C), unsorted Silicate (U Si) 

and well-sorted Silicate (W Si) measured at each harvest period; 1, 3, 5 and 7 months after 

sowing (Interaction S x M, p < 0.05). Columns represent means (± 1 SE), n = 12. 
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Figure 2.5: Posidonia australis (a) total root length (m), (b) lateral root:primary root ratio 

(m m-1), (c) lateral root length (m), and (d) number of lateral root branches initiated for 

seedlings grown in sediment without (-)and with (+)organic matter (OM), measured at each 

harvest period; 1, 3, 5 and 7 months after sowing (Interaction O x M, p < 0.05). Columns 

represent means (± 1 SE), n = 18. 
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unsorted calcareous sediments (2.18 – 2.34%) compared to both unsorted silicate (1.80 – 

1.93%) and well-sorted silicate sediments (1.70 – 1.94%). Leaf tissue P concentrations 

were not significantly different between sediment treatments.  

 

Table 2.4: Mean squares of leaf tissue nutrient analysis from a two-way ANOVA. Tukey’s 

post hoc test was conducted when a significant interaction was detected (Tukey <0.05).  

Source df N (% dry wt.) P (% dry wt.) 

Sediment Type (S) 2 0.38* 0.0005n.s. 

Organic Matter (O) 1 0.05n.s. 0.002n.s. 

SxO 2 0.06n.s. 0.0004n.s. 

* significant difference <0.05, n.s. not significantly different 

 

2.3.5 Seed starch content 

Posidonia australis seedlings growing in different sediment compositions showed 

differences in seed starch content after five months. Most seed starch was retained in 

unsorted calcareous and unsorted silicate sediments with added organic matter. Well-sorted 

silicate sediment and sediments without added organic matter had lower levels of seed 

starch (Fig. 2.6). 
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Table 2.5: Leaf tissue concentration (% dry wt.) of N and P for seedlings grown in three 

sediment types; unsorted calcareous, unsorted silicate and well-sorted silicate, with and 

without organic matter added. Numbers in parenthesis are standard errors (±). Letters 

denote significant differences (Tukey <0.05). 

Sediment treatment N (% dry wt.) P (% dry wt.) 

Unsorted Calcareous 2.34 (0.05)
b
 0.10 (0.004)

a
 

Unsorted Calcareous + organic matter 2.18 (0.06)
b
 0.10 (0.005)

a
 

Unsorted Silicate 1.8 (0.16)
a
 0.10 (0.006)

a
 

Unsorted Silicate + organic matter 1.93 (0.1)
a
 0.11 (0.002)

a
 

Well-sorted Silicate 1.94 (0.02)
a
 0.10 (0.005)

a
 

Well-sorted Silicate + organic matter 1.7 (0.1)
a
 0.11 (0.01)

a
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2.4 Discussion 

Posidonia australis seedlings were successfully cultured in a large-scale aquaculture 

system that provided a reliable ex situ experimental system for investigating the long-term 

growth of Posidonia seedlings in different sediments with and without the addition of 

organic matter. Seedling growth was greatest, observed as enhanced leaf, root, rhizome and 

total biomass, when seagrass detritus was added to unsorted sediments, irrespective of 

whether these sediments were calcareous- or silicate-based. In contrast, well-sorted 

sediments that typify wave-exposed locations (van Kuelen & Borowitzka 2003) had poorer 

seedling growth. This suggests that when transferring Posidonia seedlings to field 

conditions, care should be taken with regard to site selection. That is, sediments 

characteristic of wave-exposed environments would be more likely to have poorer growth 

and establishment success even if plants were anchored in the sediment. 

 

Sediment texture rather than the origin of the sediment influenced P. australis seedling 

growth. The positive growth response appeared to be related to the greater percentage of 

finer particles present in both calcareous- and silicate-based unsorted sediments compared 

to well-sorted silicate sediments. Similarly, Zostera marina transplants and seedlings 

grown in tank culture had greater growth in sediments containing a greater percentage of 

fine-textured particles compared to coarse sandy sediments (Tanner & Parham 2010). This 

implies that the selection of sediment with the appropriate sediment texture is critical for 

seagrass growth and this may be related to unrestricted root development in finer textured 

sediments, which may improve nutrient foraging potential (see below) 
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The positive growth response in Posidonia seedlings to addition of organic matter to the 

sediment contrasts with previous studies where seagrass growth and survival was 

negatively impacted when organic matter was added to sediments (Terrados et al. 1999; 

Kilminster et al. 2006; Perez et al. 2007; Mascaro et al. 2009). This appears to reflect the 

quality (source) and quantity of organic matter in the sediment. Organic matter in this study 

consisted of dried Posidonia seagrass leaves, roots and leaf sheaths which are composed 

primarily of cellulose and lignin. These forms of organic carbon are considered refractory 

(low quality) as they do not decay easily (Vichkovitten & Holmer 2004). In contrast, 

previous studies added labile (high quality), rapidly decomposing forms of organic carbon 

for example, sucrose, fish feed, and algae (Terrados et al. 1999; Kilminster et al. 2006; 

Perez et al. 2007; Olive et al. 2009). Rapid decomposition of organic carbon in marine 

sediments can lead to more reducing conditions and production of sulfides beyond seagrass 

tolerance limits (Terrados et al. 1999; Kilminster et al. 2008). Despite evidence of increased 

reducing conditions and sulfide production with the addition of seagrass detritus in this 

study, the benefits of adding refractory organic carbon clearly outweighed any negative 

effects. However, this contrasts with other studies adding seagrass detritus to marine 

sediments. When sediments are already rich in organic matter, further additions of organic 

matter may have no effect or inhibit growth.  For example, Tanner and Parham (2010) 

found that Z. marina seedlings grew well in natural estuarine sediments containing organic 

matter at 1.3% sediment dry wt., whereas growth did not increase when the sediment 

organic matter content was doubled by adding ground Z. marina leaves. In addition, 

Kilminster et al. (2006) grew Halophila ovalis in sediments that already contained organic 

matter at 1% sediment dry wt., supporting greater growth than when organic matter content 

was increased with the addition of ground Posidonia leaves.   
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Seagrasses have a well-developed rhizosphere (Kuo et al. 1981) and the seedling 

rhizosphere appeared to benefit from the addition of refractory organic carbon.  Bacterial 

metabolic activity was stimulated by the addition of ground seagrass detritus to the 

sediment, observed as an increase in reducing conditions in the sediment as well as 

precipitation of Ag2S on silver rods, indicating greater sulfide production as a result of 

sulfate reducing bacteria (Frederiksen et al. 2006). This suggests that the positive growth 

response of seedlings was likely associated with the activity of the bacterial community. 

Bacteria can have pronounced and varying effects on plant growth and this has been clearly 

demonstrated in terrestrial plants inoculated with specific plant growth promoting 

rhizobacteria that may facilitate growth through increased nutrient acquisition, root growth, 

plant growth regulators and suppression of pathogens (Vessey 2003). Therefore, I 

hypothesize that the strong influence of seagrass detritus on growth of P. australis 

seedlings reflected increased bacterial activity in the rhizosphere, although this requires 

further research. 

  

Root length and root architecture in seedlings also responded positively to the addition of 

organic matter to sediment with greater total root length, length of lateral roots and a 

greater number of lateral roots initiated when grown in sediments with organic matter, 

increasing the root surface area. Similarly, in two mangrove species, Rhizophora mangle 

and Avicennia germinans, lateral roots were found to proliferate within decomposing roots, 

old root channels and decaying peat-like organic matter (McKee 2001). We also observed 

an increase in redox potential in sediments with added organic matter, indicating some level 

of anoxia (Terrados et al. 1999). Aquatic plants export oxygen from roots in response to 

anaerobic sediments (Sand-Jensen et al. 1982). The aerobic-anaerobic boundary layer thus 
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increases around roots. This increases the area of influence of both anaerobic and aerobic 

bacteria involved in re-mineralization of organic detritus (Sand-Jensen et al. 1982). We 

suggest that future research should test the hypothesis that increased organic matter 

increases seagrass root surface area, therefore increasing the aerobic-anaerobic boundary 

layer, bacterial activity and re-mineralization. 

 

Root length was also affected by the type of sediment and may reflect the physical 

characteristics of the sediment. Seedlings grown in sediments with a greater percentage of 

fine-textured particles (see Table 2.1) had longer roots, consistent with studies in terrestrial 

(Nash & Baligar 1974) and aquatic plants (Kar & Ghildyal 1975). However, in aquatic 

sediments roots may be less impeded when sediment porosities are greater than 50% due to 

the increased fluidity of particles (Kar & Ghildyal 1975). Yet, in this study sediment 

porosities were much less than 50%, suggesting that sediment texture rather than porosity 

was more important for influencing root development (Nash & Baligar 1974). Fine-textured 

particles ‘lubricate’ roots through the sediment whereas sediments predominantly made up 

of sand grains produce an interlocking matrix, impeding root growth (Kar & Ghildyal 

1975).  

 

Posidonia australis seedlings have a large seed attached which supplies starch and nutrients 

to the seedling for up to nine months after germination (Hocking et al. 1981). For the first 

five months after germination P. australis seedling growth was less influenced by the 

composition of the sediment and it appears that seedlings preferentially used seed-derived 

carbon and nutrients. After five months seedlings grown in optimal sediments exhibited 

lower utilization of seed starch reserves compared to seedlings grown in sub-optimal 
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sediments (Fig. 2.6), suggesting seed starch content has potential as an indicator for optimal 

growth conditions for P. australis seedlings.  

 

Figure 2.6: Qualitative seed starch utilization by P. australis seedlings after five months 

when grown in three sediment types; unsorted calcareous (C), unsorted silicate (U Si) and 

well-sorted silicate (W-S Si), without (-OM) and with (+ OM) organic matter added. Black 

discoloration denotes starch (stained with potassium iodine). 

 

2.4.1 Implications for restoration 

By growing P. australis seedlings in land-based aquaculture facilities we successfully 

extended their availability from only a few weeks after seed release to at least seven months 

with no mortality, and we have cultured seedlings with high survival for 18 months (Fig. 

2.1) and with some individuals surviving up to three years. This is an important 

breakthrough for the restoration of P. australis and possibly other seagrass species (e.g. 

Thalassia) that produce abundant seed where there is no dormancy in seed germination.  

 

Organic matter, in the form of seagrass detritus, represents a low cost and readily available 

resource that can promote P. australis seedling growth and has potential economic 

importance when considering broad-scale restoration programs where large numbers of 

high quality planting units are required at minimal expense. Seagrass seedlings have other 

advantages over vegetative shoots as the seed is a store of carbon and nutrients for seedling 

U Si + OMU Si - OM W Si - OMC+ OM W Si + OMC - OM
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growth, allowing for more resilience of seedlings to initial transplant conditions. In 

addition, the use of seedlings in restoration increases genetic diversity in the resultant 

seagrass bed (Williams 2001).  We demonstrated that at least seven months passed before 

there was a significant increase in biomass associated with addition of organic matter to the 

sediment due to initial reliance on seed reserves. 

 

Since seedlings showed greater biomass in unsorted sediments with organic matter in land-

based aquaculture facilities, this may be extrapolated to the field, where seedlings may have 

greater establishment success if planted into sediments with similar characteristics. 

However, in unvegetated sites the sediment characteristics may be potentially hostile to 

establishment of Posidonia. Therefore, it may be necessary to remediate sediment 

characteristics or even transplant seedlings in containers with an optimal sediment 

composition. The size of the root system is important for anchorage and is perceived as a 

major limitation to transplant success. Aquatic plants with a larger root system have been 

shown to have greater anchorage potential (Schutten et al. 2005) and it is likely that 

transplanting P. australis seedlings with extensive root systems, like those we have grown 

in unsorted sediments with added organic carbon, would improve transplant success.  

 

 

 

 

 

 

 



40 
 

 

 

 

 



41 
 

 

 

 

 

 

Environmental Factors Influencing Seagrass Growth and Development

Below-ground Above-ground

Sediment
Composition

Chapter 2

Sediment
Nutrients
Chapter 3

Light
Availability
Chapter 4

Water
Flow

Chapter 5

Effect on Leaf/Root

Growth and
Development

Effect on Leaf/Root

Growth and
Development

Chapter 6

Characterizing Optimal Environmental Conditions for P.

australis Seedlings in Aquaculture Systems

Chapter 2: Unsorted sediments + organic matter

Chapter 3:?
Chapter 4:?
Chapter 5:?  

 

 

 

 

 

 

 

  



42 
 

Chapter Three 

Inorganic nutrient supplements constrain restoration potential 

of Posidonia australis seedlings 

 

3.1 Introduction 

Ecologically sustainable seagrass restoration depends on sourcing or generating planting 

units that have no lasting negative impact on the integrity of donor seagrass populations 

(Lewis 1987).  Many species of seagrass produce an abundance of seed (Orth et al. 2006a) 

that offer a significant source of planting units, which, like seed collection in the terrestrial 

environment and unlike transplants, can be obtained without a direct negative impact on the 

integrity of the donor population. For example, 24.2 million Zostera marina seeds were 

harvested from Chesapeake Bay, U.S., without adverse impact on the donor beds (Orth et 

al. 2006b). While methods involving broadcast seed have been successful for restoring 

seagrass (Orth et al. 2006b), seedlings raised in nursery-style tank culture and transferred to 

site as larger plants offer an alternative approach for restoring seagrasses from seed. This 

approach has recently been demonstrated to have greater success for Z. marina than 

transplanted adult shoots (Tanner et al. 2010) and may also be a method to improve 

seedling re-establishment for species with large viviparous seeds such as Posidonia 

australis that have poor survival and growth when planted directly into the field (Kirkman 

1998). 

 

Nutrient availability may be a crucial growth-limiting factor in seagrass establishment. 

Addition of inorganic nitrogen (N) and phosphorus (P) to the sediment has been 

demonstrated to increase leaf and rhizome growth in established beds and transplanted 
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seagrasses (Orth 1977; Bulthius & Woelkerling 1981; Ferdie & Fourqurean 2004) as well 

as those few studies adding inorganic nutrients to seedlings (Roberts et al. 1984; Tanner & 

Parham 2010). Sediment nutrient additions can also influence the allocation of biomass in 

seagrasses, with biomass diverted to shoot rather than root growth under conditions of 

increased sediment nutrient availability (Hemminga & Duarte 2000; Lee & Dunton 2000; 

Peralta et al. 2003). Studies that have examined the influence of nutrient availability on 

seagrass root morphology and root architecture have found little change or reduced root 

growth (Kiswara et al. 2009; Hovey et al. 2011). In terrestrial and freshwater aquatic plants, 

however, changes in root morphology and root architecture may be positively or negatively 

influenced by nutrient availability (Fitter & Stickland 1991; Williamson et al. 2001; 

Linkohr et al. 2002; Xie & Yu 2003; Xie et al. 2005).  

 

Unlike many terrestrial-based plants, nutrient supplementation does not always elicit a 

significant growth response in seagrasses. For example, transplanted adult shoots of 

Posidonia australis seagrasses exhibited limited growth responses to nutrient supplements, 

even when plants were shown to have low concentrations of N and P in leaf tissues 

(Cambridge & Kendrick 2009; Hovey et al. 2011). However, newly germinated seedlings 

of P. australis seagrasses could have other responses. For example, new germinants could 

be more vulnerable to nutrient limitation than adult plants as they have no capacity to draw 

upon rhizome storage reserves and their under-developed root systems may constrain their 

capacity for nutrient uptake (Duarte & Sand-Jensen 1996). A favourable rhizosphere may 

take time to develop for newly germinated seedlings, which has been a concern for bare 

root transplants of seagrass (Kenworthy & Fonseca 1992). The large seeds of Posidonia, 

however, contain substantial reserves of mineral nutrients and starch (Hocking et al. 1980; 
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Hocking et al. 1981), which may buffer the developing seedling from nutrient limitation for 

the first months of establishment.  

 

The aim of this study was to examine the survival, growth and root/shoot development of 

P. australis seedlings in response to sediment addition of inorganic nutrients. Inorganic 

nitrogen (N) and phosphorus (P) were added to sediments with P. australis seedlings 

growing in pots in a land-based aquaculture facility over four months post seed release. We 

measured biomass accumulation and allocation, leaf and root morphology and root 

architecture, as well as nutrient status of seedlings. 

 

3.2 Methods 

3.2.1 Seedling collection 

Mature, intact and dehiscing P. australis fruit were collected from seagrass meadows at 

Woodman Point, Western Australia (32o08’10”S, 115o44’31”E). Seed maturity was 

monitored weekly over a four week period prior to collection to ensure only naturally 

dehisced fruits (and therefore containing reproductively mature seed) were collected. Fruit 

were transported in ambient (17oC) seawater to the Watermans Bay Marine Research 

Facility (WBMRF) near Perth, Western Australia (31o51’08”S, 115o45’05”E). 

Approximately six thousand harvested fruit were matured over three days in a 350 l holding 

tank, receiving natural sunlight and through-flow filtered seawater (15 l min-1) to allow for 

seed to be naturally released. Dehiscence of mature fruit (98% of total fruit collected) 

resulted in seedlings descending to the bottom of the holding tank. Pericarp remains 

(dehisced fruit material) were collected and discarded twice daily to reduce the likelihood 

of bacterial infection and decomposition of viable seedlings. Seedlings were carefully 
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sorted (as the shoots and radical are exposed and vulnerable to damage) and assessed for 

viability, identified by an intact seed, shoot and radical. Seedlings with a mean seed length 

of 15 (± 1) mm, were selected for experimental manipulation. 

 

3.2.2 Experimental design and set-up 

The effects of sediment fertilization on seedling growth and development over time were 

determined in a tank experiment (Fig. 3.1a) using a randomized factorial block design; four 

nutrient treatments were each assigned to three replicate tanks and each replicated nutrient 

treatment was harvested monthly over four months. In late December 2006 (austral 

summer), 80 pots (120 x 70 x 70 mm) were randomly assigned to blocked treatments. Pots 

were spaced 70 mm apart and held in trays which kept pots off the tank floor (Fig. 3.1b). 

Prior to placement within tanks, pots were lined with a fine nylon mesh bag and filled with 

washed unsorted silica sediment (standardized medium with undetectable background 

concentrations of nutrients). Nutrient treatments were mixed uniformly within 400 g of 

sediment which was a sufficient amount to fill each pot. Treatments (nutrient addition) 

consisted of granules of slow-release fertilizer or no fertilizer (control). Nutrient treatments 

comprised either nitrogen (single factor), 8 g Osmocote® 5-month release, 33% N as urea, 

phosphorus (single factor), 1.2 g Osmocote® 5-month release, 18% P as mono-calcium 

phosphate or combined N+P (single factors added together), 8 g of nitrogen and 1.2 g of 

phosphorus.  

 

Individual seedlings were sown into individual pots (seed depth ~ 20 mm below the 

sediment surface), leaving no less than 10 mm of shoot exposed (Fig. 3.1c). Each tank 

received gravity fed through-flow (15 l min-1) of sand-filtered ocean-sourced seawater 
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(salinity ~ 35 ppt, 18-23oC). Internal stand-pipes skimmed floating dust particles and algae 

to maintain consistent light penetration to the seedlings. Seedlings received 20% of full 

sunlight, controlled by 80% density shade material in order to reduce epiphyte growth 

which was previously found to be high in a preliminary nutrient addition trial in the culture 

system. Visual inspection for presence of algae for each tank was conducted prior to 

cleaning. Tanks and seedlings were cleaned of epiphytic growth daily using a vacuum to 

minimize physical disturbance to the seedlings. Pots were randomly assigned to new 

positions every 2-3 days to avoid any potential bias from seedling position in the tank (i.e. 

close to water in-flow, edge vs. middle of tank). 

 

3.2.3 Harvesting and measurements 

Prior to each harvest, seedling survival was assessed by counting the number of seedlings 

alive (identified by living leaf tissue). Six seedlings were harvested from each replicate 

nutrient treatment at one, two, three and four months after planting. Each seedling was 

carefully removed from its pot and sediment was gently washed from seedlings, leaving an 

intact root system. Seedlings were cleaned of epiphytes and then separated into their 

component parts (leaves, roots, rhizome, leaf sheaths and seed). Fresh root and leaf material 

was submerged in water on a shallow Perspex tray and scanned. Images were processed 

using WinRhizo® 4.0 software (Regents Instruments Inc., Canada) for measures of leaf and 

root parameters. Seedling material was then dried in an oven at 60oC for 72 hrs and 

weighed. 
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Figure 3.1: Watermans Bay marine research facility outdoor tank system set

set-up consisted of 12 x 350 l circular tanks with each tank receiving through

seawater, sourced offshore from the facility, (b) an individual tank with

planted seedlings held in trays, and (c) individual seedlings one

mesh-lined containers.     

 

Figure 3.1: Watermans Bay marine research facility outdoor tank system set-up (a). The 

up consisted of 12 x 350 l circular tanks with each tank receiving through-flow filtered 

seawater, sourced offshore from the facility, (b) an individual tank with containers and 

planted seedlings held in trays, and (c) individual seedlings one-week after planting into 

up (a). The 

flow filtered 

containers and 

week after planting into 
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3.2.4 Seed dependency 

Hocking et al. (1981) found a direct linear relationship between seed dry weight and the 

transfer of mass from the seed to the seedling in the early stages of development.  In this 

study, seeds were removed from harvested seedlings, dried in a drying oven at 60oC for 72 

hours and weighed. At each harvest period all seeds were weighed individually and 

averaged to provide a change in average seed mass over time. 

 

3.2.5 Plant nutrient analysis 

At each harvest (one, two, three and four months after planting) the second fully expanded 

mature leaf of three replicate seedlings from each treatment was used for nutrient analysis. 

Leaf tissue was dried for 72 hours at 60oC and ground to a fine powder in a steel ball-mill. 

Nitrogen concentration as well as δ15N and δ13C was determined by automated combustion 

and analysed on a continuous-flow isotope ratio mass spectrometer (Europa Scientific Ltd., 

Crewe, UK.). All samples were standardized against a secondary reference of Radish 

collegate (3.167% N, δ15N = 5.71; 41.51% C, δ13C = -28.61) that was in turn standardized 

against primary analytical standards (IAEA, Vienna). Phosphorus concentration was 

measured using a weak HCl (0.2N) acid digestion method (Fourqurean et al. 1992). 

Digested material was analysed using Technicon Autoanalyser II Industrial method No 

329-74W/B with an AAII high resolution colorimeter using AACE version 6.02 software. 

Elemental concentrations and ratios were calculated on a dry weight and mole:mole basis, 

respectively.   
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3.2.6 Statistical analysis 

A two-factor nested (partially hierarchical) analysis of variance (SPSS 15.0; GLM) was 

used to test direct and interactive effects of treatment (N, P, N+P and control), time after 

sowing (1, 2, 3, and 4 months) and tanks (1, 2 and 3) nested within treatment. Following a 

significant main effect or interaction, a Tukey’s post hoc test was used to test for significant 

differences in treatment means. A two-way ANOVA (SPSS 15.0) with treatment and time 

as fixed factors was used to test the effects of nutrient addition on seedling leaf tissue N and 

P concentrations and N:P, C:N and C:P atomic ratios. Following a significant difference, a 

Tukey’s post hoc test was used to test for significant differences in treatment means. Prior 

to analysis, data was tested for homogeneity of variance using Shapiro-Wilks test and data 

transformed where necessary to meet the assumptions of homogeneity of variance. 

 

3.3 Results 

3.3.1 Survival and growth 

Seedling survival was not significantly influenced by nutrient addition and seedling 

survival was more than 90% in treatments and controls over the four month experimental 

period. Visual inspection of tanks prior to cleaning revealed that tanks with N (N and N+P 

treatments) added to the sediments had significantly higher algal production (mostly green 

algae), whereas control and P only treatments showed little algal growth. Overall, growth 

was negatively influenced by the addition of nutrients. Total seedling and leaf biomass in 

nutrient addition treatments were not significantly different from controls (Treatment p > 

0.05, Table 3.1). Root biomass was significantly lower in combined N+P addition 

treatments (16%) (Treatment p < 0.05 Table 3.1, Fig. 3.).. Seedling biomass (total, leaf and 

root) increments increased, but these increases were only significant over the first two 
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months after germination. Over the following two months, there were no substantial 

increases in growth (Harvest Table 3.1).  Interestingly, seedling biomass (total, leaf and 

root) differed among tanks (Blocks) within treatments (Block (Treatment) p < 0.05, Table 

3.1). The root:shoot ratio showed a greater decrease when N and N+P were added to the 

sediment compared to control and P only treatments. The shift in the root:shoot ratio with 

nutrient treatment was time-dependent, occurring two months after germination 

(Treatment*Harvest p<0.05 Table 3.1, Fig. 3.3).  
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Table 3.1: Summary statistics of a partially hierarchical ANOVA using treatment (n = 4) 

harvest (n = 4) and block (n=3) nested within treatment for measures of P. australis 

seedling biomass and biomass allocation. 

Variable df MS F P 
Whole seedling biomass (mg DW) 

                         Treatment 

                         Harvest 

                         T*H 

                         Block (T) 
                         H*B (T) 

                         Residual 

Leaf biomass (mg DW)                                                    

                         Treatment 

                         Harvest 

                         T*H 

                         Block (T) 

                         H*B (T) 

                         Residual 

Root biomass (mg DW) 

                         Treatment 
                         Harvest 

                         T*H 

                         Block (T) 

                         H*B (T) 

                         Residual 

R:S ratio (mg mg
-1

) 

                         Treatment 

                         Harvest 

                         T*H 

                         Block (T) 

                         H*B (T) 

                         Residual 

 

3 

3 

9 

8 
24 

240 

 

3 

3 

9 

8 

24 

240 

 

3 

3 

9 

8 

24 

240 

 
3 

3 

9 

8 

24 

240 

 

575.8 

8816.6 

407.1 

1285.9 
407.6 

296.5 

 

547.4 

7284.7 

270.6 
704.3 

241.8 

178.1 

 

253.9 
97.3 

61.1 

78.5 

51.7 

32.4 

 
0.357 

1.340 

0.069 

0.028 

0.041 

0.027 

 

1.9 

29.7 

1.4 

4.3 
1.4 

 

 

3.1 

40.9 

1.5 
3.9 

1.4 

 

 

7.9 
3.0 

1.9 

2.4 

1.6 

 

 
13.2 

49.6 

2.6 

1.0 

1.5 

 

 

n.s. 

<0.001 

n.s. 

<0.05 

n.s. 

 

 

n.s. 

<0.001 

n.s. 

<0.05 

n.s. 

 

 

<0.05 

<0.05 

n.s. 

<0.05 

n.s. 

 

 

<0.01 

<0.001 

<0.05 

n.s. 

n.s. 

 

n.s. not significant     
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Figure 3.2: Root biomass (mg DW) of P. australis seedlings grown in sediments without 

nutrients (control) and in sediments with N, P, or N+P added. Columns represent partially 

hierarchical ANOVA main effect (Treatment) means (± 1 SE), n=72. Different letters 

denote significant differences (Tukey <0.05) 

 

 
Figure 3.3: Root:shoot ratio (mg mg-1) of P. australis seedlings grown over four months in 

sediments without nutrients (control) and in sediments with N, P, or N+P added (Interaction 

T x H, p < 0.05). Symbols represent means (± 1 SE), n=18.  
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3.3.2 Seed dependency 

There was a strong linear relationship (r 2 = 0.99) between the seedling mass gained and the 

depletion in seed mass over the four month experimental period (Fig. 3.4). This was 

regardless of treatment. Seed mass showed a rapid decline over the experimental period and 

coincided with the mass gained by the seedling at each monthly harvest. One month after 

germination, seed mass declined by almost 70% reflecting a 70% increase in seedling mass. 

By the second month seedling mass declined a further 12% and then 2% by the third month 

with the mass gained by the seedling displaying a similar reciprocal pattern of growth 

increments. There was no observable decrease in seed mass or increase in seedling mass 

after the third month. 

 
 

Figure 3.4: Relationship between the depletion in seed mass (mg dry wt.) and the mass 

gained (non-cumulative) by the seedling (mg dry wt.) for the first four months after 

germination. Regression equation y = 1.29x - 2.65 (r2 = 0.99) (n = 82; 0-1 months, n = 72; 

1-2, 2-3 and 3-4 months). 
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Table 3.2: Summary statistics of a partially hierarchical ANOVA using treatment (n = 4) 

harvest (n = 4) and block (n=3) nested within treatment for measures of P. australis 

seedling root and leaf characteristics  

Variable df MS F P 
Total root length (m) 

                         Treatment 

                         Harvest 

                         T*H 

                         Block (T) 
                         H*B (T) 

                         Residual 

Primary root length (m) 

                         Treatment 

                         Harvest 

                         T*H 

                         Block (T) 

                         H*B (T) 

                         Residual 

Lateral root length (m)    

                         Treatment 
                         Harvest 

                         T*H 

                         Block (T) 

                         H*B (T) 

                         Residual 

Lateral root density (Lateral roots m
-1

) 

                         Treatment 

                         Harvest 

                         T*H 

                         Block (T) 

                         H*B (T) 

                         Residual 
Specific root length (m g

-1
) 

                         Treatment 

                         Harvest 

                         T*H 

                         Block (T) 

                         H*B (T) 
                         Residual 

  Leaf surface area (cm
2
)                      

                         Treatment 

                         Harvest 

                         T*H 

                         Block (T) 

                         H*B (T) 

                         Residual 

Number of leaves produced 

                         Treatment 

                         Harvest 
                         T*H 

                         Block (T) 

                         H*B (T) 

                         Residual 

 

3 

3 

9 

8 
24 

240 

 

3 

3 

9 

8 

24 

240 

 

3 

3 

9 

8 

24 

240 

 
3 

3 

9 

8 

24 

240 

 

3 

3 

9 

8 

24 

240 

 

3 

3 

9 

8 

24 

240 

 

3 

3 

9 

8 

24 

240 

 

0.037 

0.239 

0.016 

0.015 
0.009 

0.008 

 

0.002 

0.003 

0.006 
0.007 

0.004 

0.004 

 

0.028 
0.187 

0.006 

0.008 

0.004 

0.005 

 
2070.3 

16777.5 

1071.4 

2075.1 

765.3 

556.6 
 

60.0 

441.6 

23.9 

11.5 

36.0 
53.2 

 

261.1 

6014.8 

130.4 
314.3 

155.2 

85.1 

 

0.671 

80.301 
0.452 

0.392 

0.689 

0.450 

 

4.6 

29.9 

2.0 

1.9 
1.0 

 

 

0.5 

0.8 

1.5 
1.8 

1.0 

 

 

5.6 
37.4 

1.2 

1.6 

0.8 

 

 
3.7 

30.1 

1.9 

3.7 

1.4 

 
 

1.1 

8.3 

0.5 

0.2 

0.7 
 

 

3.1 

70.7 

1.5 
3.7 

1.8 

 

 

1.5 

178.5 
1.0 

0.9 

1.5 

 

<0.05 

<0.001 

n.s. 

n.s. 

n.s. 

 

 

n.s. 

n.s. 

n.s. 

n.s. 

n.s. 

 

 

<0.05 

<0.001 

n.s. 

n.s. 

n.s. 

 

 

<0.05 

<0.001 

n.s. 

<0.05 

n.s. 

 

 

n.s. 

<0.01 

n.s. 

n.s. 

n.s. 
 

 

n.s. 

<0.001 

n.s. 

<0.05 

<0.05 

 

 

n.s. 

<0.001 

n.s. 

n.s. 

n.s. 

n.s. not significant     
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3.3.3 Root morphology and architecture  

Total root length decreased when P and N+P were added to the sediment (Treatment p < 

0.05 Table 3.2, Fig. 3.5a). This decrease in total root length was not related to primary root 

length, which remained unchanged (Treatment p > 0.05 Table 3.2) but to a significant 

reduction in lateral root development (Treatment p < 0.05 Table 3.2, Fig. 3.5b) and lateral 

root density (Treatment p < 0.05 Table 3.2, Fig. 3.5c). There was also evidence that lateral 

root density differed among tanks (Blocks) within treatments (Block (Treatment) p < 0.05, 

Table 3.2). Specific root length (SRL) was not affected by the addition of nutrients to the 

sediment (Treatment p > 0.05 Table 3.2).  

 

Total root length, lateral root length, lateral root density and SRL showed a similar pattern 

of increase from one to two months after germination (Harvest Table 3.2), whereas primary 

root length did not change (Table 3.2).  
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Figure 3.5: a) Total root length (m), b) lateral root length (m) and c) lateral root density of 

P. australis seedlings grown in sediment without nutrients (control) and in sediments with 

N, P, and N+P added. Columns represent partially hierarchical ANOVA main effect 

(Treatment) means (± 1 SE), n=72. Different letters denote significant differences (Tukey 

<0.05) 

 

3.3.4 Leaf morphology 

There was no change in the leaf surface area of seedlings when nutrients were added to the 

sediment (Table 3.2), although leaf surface area increased for all treatments over the 

experimental period (Harvest p > 0.001 Table 3.2). There was evidence that leaf surface 

area differed among tanks (Blocks) within treatments (Block (Treatment) p < 0.05, Table 
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3.2) and among tanks (Blocks) at each harvest within treatments (Harvest*Block 

(Treatment) p < 0.05 Table 3.2). There was no change in the number of leaves produced 

with nutrient additions (Table 3.2). Seedlings leaf production slowed after three months 

(Harvest p < 0.001 Table 3.2). 

 

Table 3.3: Summary statistics of two-way fixed factor (treatment, time) ANOVA for leaf 

tissue nutrient parameters of P. australis seedlings 

Variable df MS F P 
N (% dry wt.) 

                         Treatment 

                         Harvest 

                         T*H 

                         Residual 
P (% dry wt.) 

                         Treatment 

                         Harvest 

                         T*H 

                         Residual 
N:P (mol mol

-1
)  

                         Treatment 

                         Harvest 

                         T*H 

                         Residual 

C:N (mol mol
-1

) 

                         Treatment 

                         Harvest 

                         T*H 

                         Residual 

C:P (mol mol
-1

) 

                         Treatment 
                         Harvest 

                         T*H 

                         Residual 

δ
15

N 

                         Treatment 
                         Harvest 

                         T*H 

                         Residual 

δ
13

C 

                         Treatment 

                         Harvest 
                         T*H 

                         Residual 

 

3 

3 

9 

32 

 

3 

3 

9 

32 

 

3 

3 

9 

32 

 
  3 

3 

9 

32 

 

3 

3 

9 

32 

 

3 

3 

9 

32 

 

3 

3 

9 

32 

 

0.53 

0.45 

0.03 

0.02 
 

0.004 

0.002 

0.001 

0.0003 
 

478.2 

7.5 

28.2 

21.4 

 
42.7 

16.9 

1.7 

0.9 

 

1.5*106 

3.8*105 

2.0*105 

8806.2 

 

152.0 
4.1 

1.0 

0.8 

 

1.2 

32.9 
0.4 

0.4 

 

26.5 

22.3 

1.6 

 
 

12.5 

8.5 

2.1 

 
 

22.3 

0.3 

1.3 

 

 
46.5 

18.4 

1.8 

 

 

16.7 
4.3 

2.2 

 

 

188.5 
5.0 

1.2 

 

 

2.4 

69.4 
0.9 

 

<0.01 

<0.01 

n.s. 

 

 

<0.01 

<0.01 

n.s. 

 

 

<0.01 

n.s. 

n.s. 

 

 

<0.01 

<0.01 

n.s. 

 

 

<0.01 

<0.05 

n.s. 

 

 

<0.01 

<0.05 

n.s. 

 

 

n.s. 

0.001 

n.s. 

n.s. not significant     
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3.3.5 Plant nutrient concentration 

Addition of N and N+P to the sediment resulted in significantly higher N concentrations in 

leaf tissue than controls (Treatment p < 0.01 Table 3.3, Fig. 3.6a). Similarly, when P was 

added to the sediment the concentration of P in leaf tissue was higher (Treatment p<0.01 

Table 3.3, Fig 3.6b) but there was no difference in concentration of P in leaves between 

controls and when P was added in combination with N (N+P). Also, seedling leaf tissue 

nutrient concentrations increased in the first two months with nutrient additions and 

remained constant for the remaining two months of the experimental period (Harvest p < 

0.01 Table 3.3).  

 

Figure 3.6: Concentrations (% dry wt.) of a) N and b) P in leaf tissue of P. australis 

seedlings grown in sediment without nutrients added (control) and in sediments with N, P, 

or N+P added. Columns represent two-way ANOVA main effect (Treatment) means (± 1 

SE), n=12. Different letters denote significant differences (Tukey <0.05). 
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Leaf N:P ratios significantly declined when P only was added to the sediment (Treatment 

p<0.01 Table 3.3, Fig. 3.7a) but was not significantly altered by addition of N or N+P. 

When N was added to the sediment the C:N ratio decreased (Treatment p<0.01 Table 3.3, 

Fig. 3.7b), while addition of P significantly decreased the C:P ratio (Treatment p<0.01 

Table 3.3, Fig. 3.7c). Leaf N:P ratios were not altered over time (Time p>0.05 Table 3.3) 

whereas the leaf C:N (Harvest p > 0.01 Table 3.3) and C:P (Harvest p > 0.05 Table 3.3) 

ratios significantly declined at three and four months after nutrient addition.  

 

Figure 3.7: Leaf tissue a) N:P, b) C:N and c) C:P ratios of P. australis seedlings grown in 

sediment without nutrients added (control) and sediments with N, P, or N+P added. 

Columns represent two-way ANOVA main effect (Treatment) means (± 1 SE), n=12. 

Different letters denote significant differences (Tukey <0.05) 
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The δ15N isotope ratios of leaves were significantly influenced when nutrients were added. . 

One month after nutrient addition δ15N values for N and N+P treatments were significantly 

more negative, -0.5 and -0.1, compared to 5.1 and 4.6 for control and P, respectively 

(Treatment p<0.05 Table 3.3). At two months δ15N values were -2.8 and -2.4, for N and 

N+P, respectively and remained negative and relatively stable for the following two months 

(Fig. 3.8).  The δ13C isotopic ratios of leaves were not influenced by nutrient addition 

(Table 3.3), but became significantly more negative at each subsequent month over the 

experimental period (Harvest p < 0.001 Table 3.3, Fig. 3.9). 

 
Figure 3.8: N isotope ratios (δ15N) of P. australis seedling leaf tissue analysed at one, two, 

three and four months after seedlings were sown into sediments containing either no 

nutrients (control) or with N, P, or N+P added. Symbols represent means (± 1 SE), n=3. 

Note: white symbols indicate treatments with N added to the sediment and black symbols 

have no N added to the sediment.  
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Figure 3.9: Carbon isotope ratios (δ13C) of P. australis seedling leaf tissue analysed at one, 

two, three and four months after germination. Symbols represent main effect (time) means 

(± 1 SE), n=48. Different letters denote significant differences (Tukey <0.05). 
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3.3 Discussion 

Growth of Posidonia australis seedlings in tank culture was not enhanced by addition of 

inorganic nutrients to the sediment. From these results it appears that early-stage seedling 

growth and development may be the maximum achievable in P. australis under the 

environmental conditions (water temperature, water flow and ambient light) in this 

experiment, with sufficient nutrient reserves available from maternally derived seed 

reserves to support the first few months of growth.  

 

Posidonia australis seedlings were not limited by N and P availability for at least the first 

four months after germination under tank conditions. Since seedling size was observed to 

be comparable to seedlings of similar age growing under natural conditions (Appendix I). It 

is likely that P. australis seedlings derived most of their nutrient requirements from seed-

based storage, rather than from the water column or substrate – at least in the early stages of 

growth and development. During Posidonia seed development starch (dry mass), N and P 

as well as other essential macro- and micro-nutrients accumulate within the seed (Hocking 

et al. 1980). Hocking et al. (1981) found that during the first nine months after germination, 

C (starch), N and P were transferred in constant proportion from the seed to the seedling. 

Yet, utilization of seed stores were not linear over the nine months, but rather seed stores 

were rapidly depleted during the first four months with no substantial losses over the 

subsequent five months (Hocking et al. 1981). Here, we found growth of P. australis 

seedlings was positively correlated with the depletion of seed mass during the initial four 

months after germination with negligible decrease in seed mass or gain in seedling mass by 

the fourth month (Fig. 3.4). In this thesis (Chapter 3, Chapter 5), there is evidence to 

suggest that P. australis seedling growth is uncoupled from seed stores 3-5 months after 
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germination. Similarly, physiological independence of Thalassia testudinum seedlings, 

another viviparous species with large seed reserves, occurs between 2-6 months after 

germination (Kaldy & Dunton 1999).  

 

Leaf mass, leaf area and leaf production were not influenced by nutrient additions. There 

was a similar lack of short-term (2-6 months ) response in leaf growth and development to 

nutrient addition in transplanted adult shoots of P. australis seagrasses (Hovey et al. 2011) 

but in longer term experiments, growth overall showed small but significant variation with 

nutrient addition (Cambridge & Kendrick 2009). This is in contrast to nutrient addition 

studies on adult plants and seedlings of Z. marina seagrasses (Orth 1977; Roberts et al. 

1984; Peralta et al. 2003; Tanner & Parham 2010). Zostera marina seedlings and adult 

plants increased leaf growth and vegetative growth when sediments were fertilized with N 

and P in both field and tanks trials and this occurred over relatively shorter time periods – 

less than 4 months (Orth 1977; Roberts et al. 1984; Peralta et al. 2003; Tanner & Parham 

2010). Z. marina by comparison is a much smaller and faster growing species than 

Posidonia. Cambridge and Kendrick (2009) suggested that the slower growth response of 

Posidonia to increases in nutrient availability has contributed to their persistence in low 

nutrient environments. 

 

Although growth was not positively correlated with nutrient additions, there were 

significant increases in internal nutrient concentrations and associated changes in 

stoichiometry demonstrating that nutrient uptake had occurred. Concentration of N 

increased from 2.2 % N dry wt. up to 2.4-2.6 % N dry wt. when N was added either solely 

or in combination with P. This also caused a significant decrease in the C:N ratio from 24 
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to 21. Yet, only addition of P alone caused a significant increase in P concentration from 

0.11-0.14% P dry wt. up to 0.18% P dry wt. though the C:P ratio decreased with addition of 

N and P, both alone and in combination. No growth and increased nutrient concentrations 

in response to sediment fertilization have been reported for Cymodocea serrulata (Udy & 

Dennison 1997). Udy and Dennison (1997) suggested that this was expected in low nutrient 

environments where environmental factors other than the added nutrients limit seagrass 

growth. In this study, light availability may have been a significant limiting factor for 

seedling growth in culture. 

 

Concentrations of N (1.9 – 2.2% dry wt.) in seedling leaf tissue of un-fertilized plants were 

higher than median values reported as critical for seagrass growth worldwide (1.8% N dry 

wt. Duarte 1990) as well as those reported as limiting for adult P. australis seagrasses 

(Cambridge & Kendrick 2009; Hovey et al. 2011). However, concentrations of P (0.11 - 

0.14% dry wt.) in seedling leaf tissue of un-fertilized plants were lower than median values 

reported for seagrasses worldwide (0.18% P dry wt. Duarte 1990), although they were 

within the range reported for leaf tissues of adult P. australis (Cambridge & Kendrick 

2009; Hovey et al. 2011).  N:P ratios also were high (atomic: 35-40) and in the range to 

suggest P-limitation (atomic: >30 Atkinson & Smith 1983). However, addition of P did not 

increase seedling growth, despite considerably increasing P concentrations, indicating that 

the seedling growth was not P-limited. 

 

The addition of inorganic nutrients to the sediment effectively decreased the size of the 

seedling root system. Root mass declined with addition of N+P while allocation of biomass 

to roots (R:S ratio) decreased with increased N availability (N and N+P) which is consistent 
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with responses to increased N availability in both terrestrial (Gleeson 1993; Ryser & 

Lambers 1995) and aquatic plants, including other species of seagrass (Hemminga & 

Duarte 2000; Lee & Dunton 2000; Peralta et al. 2003; Xie et al. 2005). Root morphology 

and root architecture were also significantly modified by nutrient supplements. Lateral root 

length was reduced in sediments amended with N, P and N+P. Similar responses were 

found in the terrestrial plant Arabidopsis in response to homogeneously supplied N and P 

(Williamson et al. 2001; Linkohr et al. 2002) as well as the freshwater plant Eichhornia 

crassipes following P supplementation (Xie & Yu 2003). In contrast, lateral roots of 

transplanted adult shoots of P. australis grown in situ showed no change with localized 

nutrient additions whereas primary root length was suppressed when P was provided 

(Hovey et al. 2011). Linkhor et al. (2002) also found that primary root length of 

Arabidopsis was suppressed with addition of P, yet increased with greater N availability. 

However, we found no evidence that nutrient supplements modified primary root length in 

P. australis seedlings. Addition of N+P also reduced lateral root density of P. australis 

seedlings, but addition of N or P alone had no effect. Similarly, an increase in N availability 

had no effect on lateral root density of Arabidopsis (Linkohr et al. 2002) whereas increased 

P availability resulted in decreased lateral root density (Williamson et al. 2001; Linkohr et 

al. 2002). 

 

Growth (biomass, leaf production, leaf area) of seedlings slowed over the four months 

suggesting that seedlings may have been limited by some factor other than the availability 

of N or P. The most likely reason for the reduced growth appears to be related to a 

reduction in light availability associated with a change in season from summer to autumn as 

the experiment progressed. This growth response to natural light conditions mirrors that 
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observed for seedlings in situ. When light is reduced, the δ C 13 signature of seagrass 

decreases as a result of a reduced photosynthetic and growth demand for carbon, increasing 

C13discrimination (Cooper & DeNero 1989; Abal et al. 1994; Grice et al. 1996). In contrast, 

the more negative δ C13values with time (Fig. 3.9) suggests carbon-limited growth, and is 

explored further in chapter four.  In addition, the decline in C:N:P ratio towards the end of 

the experiment further suggests that seedlings were experiencing carbon rather than N or P 

limitation.  

 

Algal growth, particularly Ulva and Enteromorpha sp., were substantially increased when 

N was added to the sediment as these species typically favour eutrophic conditions. 

Kirkman (1978) excluded light for three days to reduce algal growth on Zostera capricorni 

plants in tank culture. In this experiment, I shaded seedlings to 20% of surface irradiance 

but this did not have the intended effect of reducing algal cover. Algal cover was very high 

along the tank walls and on pots however the leaf surface of all seedlings was kept free of 

algae for the duration of the experiment due to rigorous cleaning practices that were 

employed on a daily basis to maintain high light penetration to the leaf surface. Therefore, 

it is not expected that algal cover had a significant influence on seagrass growth.  

 

3.3.1 Implications for restoration 

Seedlings of Posidonia australis do not require addition of inorganic nutrients to sediments 

to support growth for at least the first four months after germination.  Instead seed reserves 

provide necessary N and P. Since seedling size and development was comparable to 

observed wild seedlings of similar age, it appears that maximum growth and development 

had been achieved for this species under controlled tank culture conditions receiving 
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natural light. For broad-scale restoration programs requiring large numbers of planting 

units, this outcome has useful implications. Firstly, the expense of nutrient supplements is 

unnecessary. Indeed, avoiding nutrient additions to sediments under tank conditions will 

reduce the time and effort required to clean tanks and seedlings of algal growth as well as 

limit the adverse impacts of algal growth on seedlings and lead to production of robust, 

healthy seedlings. However, once seed reserves are depleted, external nutrient sources may 

become more important to sustain growth beyond the four month period, though further 

testing is required.  

 

Secondly, in aquatic systems, any factor which decreases the size of the root system could 

have an adverse impact on successful establishment (Schutten et al. 2005). Sediments are 

water-saturated and therefore it is crucial that the seedling root size is sufficient to anchor 

seedlings in the sediment. Addition of inorganic nutrients to the sediment in tank culture 

reduces the size and branching of the root system and is thus likely to negatively impact the 

anchorage potential of P. australis seedlings when transferred to ocean sites. Such an 

outcome would have deleterious consequences, with seedlings being vulnerable to loss as a 

result of wave and current derived turbulence.



68 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



69 
 

 

 

 

 

 

Environmental Factors Influencing Seagrass Growth and Development

Below-ground Above-ground

Sediment
Composition

Chapter 2

Sediment
Nutrients
Chapter 3

Light
Availability
Chapter 4

Water
Flow

Chapter 5

Effect on Leaf/Root
Growth and

Development

Effect on Leaf/Root
Growth and

Development

Chapter 6
Characterizing Optimal Environmental Conditions for P.

australis Seedlings in Aquaculture Systems

Chapter 2: Unosrted sediments + organic matter
Chapter 3: No inirganic N or P addition
Chapter 4:?
Chapter 5:?

 

 

 

 

 

 



70 
 

Chapter Four 

Determining a suitable irradiance level for long term culture of 

Posidonia australis seedlings 

 

4.1 Introduction  

The level of irradiance is a major environmental factor influencing growth and 

development in plants. Seagrasses have differing optimal light ranges for growth depending 

on characteristics of the species (Abal et al. 1994; Short et al. 1995; Grice et al. 1996; 

Vermaat & Verhagen 1996; Perelta et al. 2002; Ochieng et al. 2010). Studies with 

increasing water depth and on experimentally imposed shading of seagrasses have found a 

reduction in light availability reduces both growth rates and biomass (Lee & Dunton 1997; 

Ruiz & Romero 2001; Perelta et al. 2002; Collier et al. 2007). However, in response to light 

reduction seagrasses can adjust their physiology and morphology to balance carbon 

(Dennison & Alberte 1985). For example, light capture can be improved by increasing 

pigment content and reducing chlorophyll a/b ratio (Abal et al. 1994; Lee & Dunton 1997; 

Longstaff & Dennison 1999), and photosynthetic processes can be maintained by 

increasing the light-limited photosynthetic electron transport rate of light harvesting units 

(α), reducing the electron transport rate (ETRmax) and reducing the number of functional 

reaction centres, leading to a lower saturating irradiance (Ik), as measured by rapid light 

curves (Schwarz & Hellblom 2002; Campbell et al. 2003; Ralph & Gademann 2005). 

Morphological adjustments to reduced light conditions include a reduction in shoot density 

and shoot size to reduce self-shading, and a decrease in below-ground respiratory 

requirements (Olesen et al. 2002; Enriquez & Pantoja-Reyes 2005; Collier et al. 2009). 
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Alternatively, an increase in light availability, can also result in reduced photosynthesis, for 

example, at midday or when tides are at their lowest (Ralph & Burchett 1995). In outdoor 

mesocosms, Zostera noltii transplants and Halophila stipulacea seedlings cultured at full 

sunlight, 100% surface irradiance (Es) reduced growth (Perelta et al. 2002; Malm 2006). 

Physiological acclimation to high light conditions is common in seagrasses, and may be 

accompanied by an increase in xanthophyll cycle pigments (Flanigan & Critchley 1996; 

Ralph et al. 2002; Collier et al. 2008). The xanthophyll cycle diverts excess irradiance from 

the photosystem as heat, thereby protecting the photosynthetic apparatus from 

photodamage (Demmig-Adams et al. 1996) and is associated with a reduction in the 

maximum quantum yield of photosystem II (Fv/Fm) and an increase in non-photochemical 

quenching, as measured by chlorophyll fluorescence (Ralph & Burchett 1995; Ralph et al. 

2002). 

 

The Australian seagrass, Posidonia australis, a wide- ranging and common species, has a 

wide variation in depth distribution, ranging from 0.5 m – 22 m (West 1990; Huisman et al. 

1999; Cambridge et al. 2005). A negative linear relationship between depth and shoot 

densities has been observed for established P. australis meadows at four sites in 

southeastern Australia (West 1990). Experimentally imposed shading to 10% Es was 

reported to lower leaf growth rates, shoot density and shoot weight of P. australis 

meadows, eventually resulting in plant death (Fitzpatrick & Kirkman 1995). Reduced light 

availability, caused by increased epiphyte cover on P. australis meadows at a eutrophied 

location, was associated with a reduced leaf standing crop, shoot density and leaf 

production (Silberstein et al. 1986). Photophysiological investigations of Posidonia 
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australis collected from shallow sites suggest that this species is well-suited to high light 

environments (Masini et al. 1995; Ralph et al. 1998). 

 

Nursery-reared seedlings are being explored as an ecologically sustainable and more 

efficient alternative to sprigs, cores and sods for restoring Posidonia australis seagrasses. 

However, quantitative information regarding suitable light conditions for culture of P. 

australis seedlings is currently unavailable. Understanding of the role of light availability 

on P. australis growth, morphology and physiology are derived from relatively few studies, 

and only on mature, established meadows (Silberstein et al. 1986; West 1990; Fitzpatrick & 

Kirkman 1995; Masini et al. 1995; Masini & Manning 1997; Ralph et al. 1998).  

 

In order to define a suitable light range for growing P. australis seedlings in long-term 

culture, this study investigated the survival, growth, root/shoot development and 

photophysiology of P. australis seedlings in response to variation in irradiance levels. 

Seedlings were cultured under natural light conditions in pots in a land-based aquaculture 

facility over seven months. Light availability was manipulated by shading, testing four 

levels of surface irradiance, Es, 100% (full sunlight), 70%, 50% and 30% Es. I will measure 

biomass accumulation and allocation, leaf and root morphology and plant nutrient status as 

well as photosynthetic characteristics, as measured by chlorophyll fluorescence. 

 

4.2 Methods 

4.2.1 Seedling collection 

Mature and intact Posidonia australis fruit were collected from Woodman Pt, Western 

Australia (32o08’10”S, 115o44’31”E). Maturity was monitored over a four week period 
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prior to collection and coincided with natural dehiscence events on the day of collection. 

Fruit were maintained in ambient (17oC) seawater and transported to the Watermans Bay 

Marine Research Facility, near Perth, Western Australia. Harvested fruit were left to 

dehisce naturally over three days in a 350 l circular PVC holding tank, receiving natural 

light and through-flow filtered seawater at a rate of 15 l min-1. Dehiscence of mature fruit 

(98% of total fruit collected) resulted in seeds descending to the bottom of the holding tank. 

Seeds were sorted and assessed for viability by presence of an intact seed, developing shoot 

and radical (98% of total collected). Six-hundred similarly sized seedlings with a mean seed 

length of 15 mm (± 1 mm) was selected for experimental manipulation 

 

4.2.2 Experimental design and set-up 

The effects of light and time in culture on P. australis seedling growth and morphology 

were determined using a factorial design - 4 (light treatments) X 4 (harvest times) in a tank-

based experiment. The light treatments consisted of full sunlight or 100% surface irradiance 

(Es), and 30, 50, and 70% shading, corresponding to 70, 50 and 30% Es. Average daily 

photosynthetically active radiation (PAR mol m-2 d-1) for each month was sourced from the 

Australian Bureau of Meteorology global radiation data, and calculated for each light 

treatment (100% = full sunlight and 70%, 50% and 30% of full sunlight; Fig. 4.1). To 

include the visible spectrum only, the calculation included a 45% reduction, as well as a 

15% reduction due to surface scatter (Gordon & McComb 1989). Light attenuation was not 

expected to be high due to the shallow depth (<20 cm) of the seedling leaf canopy, and an 

efficient filtration system removing particulates, thus an attenuation coefficient was not 

included in the calculation. Each light treatment was assigned to an individual tank (1500 

mm length x 500 mm width x 500 mm depth), and eighty replicate seeds were allocated to 
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each light treatment. Individual seeds were planted into square containers (70 mm diameter, 

210 mm height) and planted at a depth of 20 mm below the sediment surface, leaving no 

less than 10 mm of the developing shoot exposed. Seeds were planted so that the seed was 

horizontal in the sediment, similar to naturally recruited seeds. The sediment used consisted 

of unsorted calcareous sand (90% CaCO3) with low organic content. Each tank received 

gravity fed (15 l min-1) sand-filtered seawater (salinity~35 ppt, 18-230C). Internal stand-

pipes skimmed surface dust particles and algae to maintain high natural light penetration to 

the seedlings. Tanks and seedlings were cleaned of epiphytes daily using a water-siphon 

which minimized physical disturbance to the seedlings. Pots were moved every two-three 

days to avoid positional bias in the tank. 

 

 

Figure 4.1: Average daily photosynthetically active radiation (PAR mol m-2 d-1) for each 

month, sourced from Beareau of Meteorology global radiation data, and calculated for each 

light treatment. Symbols represent means (± 1 SE), n=days in each month. Irradiance 

treatments consisted of 100% = full sunlight, and 70%, 50% and 30% of full sunlight. 
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4.2.3 Harvesting and measurements 

Prior to each harvest, seedling survival was assessed by counting the number of seedlings. 

Each seedling was carefully removed from its pot and sediment was gently washed away, 

leaving an intact root system. Seedlings were cleaned of epiphytes and then separated into 

their component parts. Root and leaf material was submersed in water on a shallow Perspex 

tray and then scanned on a flat-bed scanner. Images were analysed using WinRhizo® 4.0 

software for estimates of total root length (m), primary root length (m), lateral root length 

(m) and leaf surface area (cm2). Seedling material was then dried in an oven at 60oC for 72 

hours and weighed. Leaf production was assessment by removing old leaf sheaths and 

counting the number of leaf scars (nodes) per seedling. 

 

4.2.4 Seed starch content 

After three months, three seedlings were selected from each light treatment and their 

attached seeds (endosperm) were removed for assessment of seed starch content. Seeds 

were longitudinally sectioned and potassium iodide was applied to the internal portion of 

one half of each seed. Starch abundance was assessed qualitatively under a dissecting 

microscope, with starch stored in the endosperm indicated by the area of dark staining. 

 

4.2.5 Plant nutrient analysis 

After seven months growth, the second largest mature leaf of three replicate seedlings from 

each light treatment was used for nutrient analysis. Leaf tissue was dried for 72 hours at 

60oC and ground to a fine powder in a steel ball-mill. Nitrogen concentration as well as 

δ
13C was determined by automated combustion and analyzed on a continuous-flow isotope 

ratio mass spectrometer (Europa Scientific Ltd., Crewe, UK.). All samples were 
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standardized against a secondary reference of Radish collegate (3.167% N, δ15N = 5.71; 

41.51% C, δ13C = -28.61) that was in turn standardized against primary analytical standards 

(IAEA, Vienna). Phosphorus (P) concentration was measured using a weak HCl (0.2N) 

digestion method (Fourqurean et al. 1992). Digested material was analyzed using the 

Technicon Autoanalyser II Industrial method No 329-74W/B with an AAII high resolution 

colorimeter. Elemental concentrations and ratios were calculated on a dry weight and 

mole:mole basis, respectively. 

 

4.2.6 Photophysiology 

Chlorophyll fluorescence measures were conducted using pulse amplitude modulated 

fluorometer (Diving-PAM fluorometer - Walz GmbH, Effeltrich, Germany). Maximum 

electron transport rates (ETRmax) (µmol electrons m-2 s-1) were calculated from rapid light 

curves (RLC). RLC’s were generated by a pre-installed incremental sequence of actinic 

illumination periods, with light intensity increasing over nine steps (10 s duration) 

beginning at a user-defined initial intensity. The leaf clip with attached fibre-optic probe 

(5.5 mm active cross-section) was placed 30 mm from the leaf base of the second fully 

expanded leaf of a seedling. Eight replicate RLC were conducted at midday for each light 

treatment on the day of harvest at one, three, and five months. RLC data was fitted to a 

double exponential decay function (Platt et al. 1980) using a Marquardt–Levenberg 

regression algorithm: 

P = Ps (1- e -(αId / Ps))e-(βId / Ps)    (Equation 1) 

where Ps is a scaling factor defined as the maximum potential ETR, in the absence of 

photoinhibitory processes, α, indicative of the efficiency of photon capture at low light, is 

the initial slope of the RLC before the onset of saturation, Id, the downwelling irradiance 
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(400–700 nm), and β characterizes the photoinhibited region of the slope of the RLC, 

where PSII declines (Henley 1993). The parameters ETRmax and Ik (minimum saturation 

irradiance) were calculated using the following equations, respectively: 

ETRmax = Ps(α/[α+β])(β/[α+β])β/α  (Equation 2) 

 

Ik = ETRmax/α                                         (Equation 3) 

 

Non-photochemical quenching (NPQ) was determined at the same instance as RLC. NPQ 

was generated for each light treatment at incremental increases in irradiance ranging from 

25 to 650 µ mol quanta m-2 s-1. The potential quantum yield of photochemistry ([Fm-Fo]/Fm 

or Fv/Fm) was evaluated by subjecting dark adapted leaves (dark adapted for 15 minutes) to 

a saturating pulse of light. Chlorophyll fluorescence parameters (Fo, Fm) were measured on 

leaves of eight replicate seedlings for each light treatment at midday (1200-1400 h) at three 

harvest times (one, three, and five months). The fiber-optic probe was held in place in a 

dark-leaf clip (Walz, Diving leaf clip) 30 mm from the leaf base. Fo (dark-adapted state) 

was determined by a weak pulsed red light (<1 µmol quanta m-2 s-1), and Fm (dark-adapted 

state) was determined by a saturating pulse of white light (0.8s at 8000 µmol quanta m-2 s-

1).  

 

4.2.7 Statistical analysis 

A two-way analysis of variance (SPSS 15.0; GLM) was used to test direct and interactive 

effects of treatment (100, 70, 50, 30% Es) and time (one, three and five months) on seedling 

physiology (ETRmax, α, Ik, Fv/Fm and NPQ) and (one, three, five and seven months) on 

biomass and leaf and root morphology. A one-way ANOVA (SPSS 15.0) was used to test 
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the effect of light treatment on leaf tissue nutrient concentrations at seven months. 

Following a significant difference, a Tukey’s post hoc test was used to test for significant 

differences in treatment means. Prior to analysis, data was tested for homogeneity of 

variance using Shapiro-Wilks test and data transformed where necessary to meet the 

assumptions of homogeneity of variance. 

 

4.3 Results 

4.3.1 Survival and growth  

There was no seedling mortality over the seven month experimental period. After one 

month, whole seedling biomass was not significantly different between light treatments. At 

three and five months, seedlings showed a significant increase in whole seedling biomass 

when cultured at 100% and 70% surface irradiance (Es). After seven months, seedlings 

cultured at 70% Es had accumulated more biomass than seedlings receiving both higher 

(100%) and lower (50% and 30%) surface irradiance (Treatment xTime p<0.001 Table 4.1, 

Fig. 4.2a). Biomass measures on seedling component parts (leaves, roots and rhizome) 

showed a similar pattern as whole seedling growth in response to treatment and time in 

culture (Table 4.1 Fig. 4.2b, c, and d). 

 

Biomass allocation to roots versus leaf shoots (R:S ratio) was significantly affected by light 

treatment (Treatment p<0.001 Table 4.1). Seedlings cultured under 100% Es had a higher 

R:S ratio (1.53) compared to seedlings receiving 70% (1.25), 50% (1.15) and 30% (1.27) 

Es. The increase at 100% Es reflects a reduction in leaf biomass rather than an increase in 

roots (Fig. 4.3).  
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Table 4.1: Two-way fixed factor (treatment, time) ANOVA for measures of P. australis 

seedling biomass, and leaf and root morphology. 

Variable df MS F p 

Total seedling biomass (mg DW) 

                          Treatment 

                          Time 

                          Treatment*Time 

Leaf biomass (mg DW) 

                          Treatment 

                          Time 

                          Treatment*Time 

Root biomass (mg DW) 

                          Treatment 

                          Time 

                          Treatment*Time 

Rhizome biomass (mg DW) 

                          Treatment 

                          Time 

                          Treatment*Time 

R:S ratio (mg mg
-1

) 

                          Treatment 
                          Time 

                          Treatment*Time 

Leaves produced 

                          Treatment 

                          Time 

                          Treatment*Time 
Leaf surface area (cm

2
) 

                          Treatment 

                          Time 

                          Treatment*Time 

Total root length (m) 

                          Treatment 
                          Time 

                          Treatment*Time 

Lateral root length (m) 

                          Treatment 

                          Time 

                          Treatment*Time 

Primary root length (m) 

                          Treatment 

                          Time 

                          Treatment*Time 

 
3 

3 

9 

 

3 

3 
9 

 

3 

3 

9 

 
3 

3 

9 

 

3 
3 

9 

 

3 

3 

9 
 

3 

3 

9 

 

3 
3 

9 

 

3 

3 

9 
 

3 

3 

9 

 
20362.2 

161417.2 

4748.3 

 

2413.4 

18479.1 
689.7 

 

2439.8 

16508.1 

552.8 

 
118.1 

326.7 

31.2 

 

1.0 
2.3 

0.2 

 

14.2 

151.1 

1.3 
 

1689.1 

6785.9 

389.9 

 

0.4 
9.7 

0.2 

 

0.3 

9.2 

0.2 
 

0.06 

0.02 

0.01 

 
17.3 

137.3 

4.0 

 

14.1 

107.8 
4.0 

 

15.6 

105.4 

3.5 

 
28.6 

79.2 

7.6 

 

8.9 
21.6 

1.83 

 

72.3 

771.3 

6.8 
 

28.7 

115.1 

6.6 

 

3.8 
95.1 

1.7 

 

3.2 

97.3 

1.9 
 

5.9 

1.6 

1.3 

 
<0.001 

<0.001 

<0.001 

 

<0.001 

<0.001 
<0.001 

 

<0.001 

<0.001 

<0.01 

 
<0.001 

<0.001 

<0.001 

 

<0.001 
<0.001 

n.s. 

 

<0.001 

<0.001 

<0.001 
 

<0.001 

<0.001 

<0.001 

 

<0.05 
<0.001 

n.s. 

 

<0.05 

<0.001 

n.s. 
 

<0.01 

n.s. 

n.s. 

n.s. - no significance 
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Figure 4.2: Changes in A) Whole, B) leaf, C) root, and D) rhizome biomass (mg dry wt.) of 

P. australis seedling in response to light treatment (100, 70, 50, 30% Es) at one, three, five 

and seven months after sowing (Interaction Treatment x Time, p < 0.001). Columns 

represent means (± 1 SE), n=10, and columns with different letters denote significant 

differences within each month. 
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Figure 4.3: Proportion of biomass (mg dry wt.) allocated to roots and leaves of P. australis 

seedlings cultured under 100, 70, 50, and 30% Es (Main effect Treatment, p < 0.001) 

 

4.3.2 Leaf morphology 

Seedlings grown at higher irradiances (100, 70% Es) produced more leaves over the 

experimental period compared to seedlings receiving less light (50, 30% Es). After seven 

months in culture, seedlings receiving 70% Es produced significantly more (0.5) leaves than 

seedlings cultured at 100% Es and almost two more leaves than the lowest light treatment 

(30% Es) (Treatment x Time p<0.001 Table 4.1, Fig. 4.4a). Leaf surface area was 

significantly greater for seedlings receiving 70% Es after five months, compared to 

seedlings cultured under higher and lower light conditions (Treatment x Time p<0.001 

Table 4.1). Note that seedlings receiving 50% Es produced a comparable leaf surface area 

to seedlings grown at 70% Es by seven months (Fig. 4.4b) however this appears to be 

related to greater leaf retention of seedlings at 50% Es, 
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Figure 4.4: (A) Cumulative leaf production over the duration of the experiment measured at 

1, 3, 5 and 7 months growth for each light treatment (100, 70, 50, and 30% Es). Symbols 

represent means (± 1 SE), n=10, and columns with different letters denote significant 

differences within each month (Interaction Treatment x Time, p < 0.001). (B) Leaf surface 

area (cm2) of P. australis seedlings cultured at four different light treatments (100, 70, 50, 

and 30% Es) at one, three, five and seven months after sowing. Columns represent means (± 

1 SE), n=10, and columns with different letters denote significant differences within each 

month (Interaction Treatment x Time, p < 0.001). 
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1.06m ± 0.08; 30% 1.11m ± 0.09) surface irradiances (Treatment p<0.05 Table 4.1, Fig. 

4.5a). Primary root length was highest in seedlings grown at 70% Es (0.50 m ± 0.02) and 

lowest at 30% Es (0.40 m ± 0.01) (Treatment p<0.01 Table 4.1, Fig. 4.5b). Lateral root 

length was maximum in seedlings cultured under 70% Es (Treatment p<0.05 Table 4.1, Fig. 

4.5c) and accounted for more than two-thirds of the total root length. 

 

Figure 4.5: Main effects of root characteristics A) total root length (m), B) lateral root 

length (m) and C) primary root length (m) for P. australis seedlings cultured at 100, 70, 50, 

and 30% Es. Columns represent means (± 1 SE), n=38, and columns with different letters 

denote significant differences. 
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4.3.4 Photophysiology 

Measures of ETRmax varied significantly in response to light treatment over time 

(Treatment x Time F6,70 = 9.97, p<0.001). In the first month, values for ETRmax were highly 

variable with no relationship to light treatment suggesting that seedlings were not 

physiologically self-sufficient. At three months, ETRmax declined for all light treatments but 

showed reduced values in low light. After five months, ETRmax values were greater than at 

three months however differences between treatments, though significant, were not large. 

Values were highest for seedlings grown at 70% Es, and lowest at 30% Es (Fig. 4.6a). At 

five months, ETRmax showed a strong linear relationship (R2 = 0.99) with leaf surface area 

(Fig. 4.6b).  

 

There was a significant decline in the parameters Fv/Fm and Fm (Table 4.2, p<0.05) in 

response to higher irradiances (100, 70% Es) with no significant change in Fo for any light 

treatment. Non-photochemical quenching (NPQ) in high light (100, 70% Es) treatments was 

higher than in low light (50, 30% Es) treatments (Fig. 4.7).  
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Figure 4.6: A) Maximum photosynthetic electron transport rates, ETRmax (µmol electron m-

2 s-1)of Posidonia australis seedlings at one, three and five months after sowing and grown 

under four different surface irradiance levels (100% - black, 70% - dark grey, 50% - light 

grey and 30% - white).Columns represent means (± 1 SE), n=10. Columns with different 

letters denote significant differences within each month (Interaction Treatment x Time, p 

<0.05). B) At five months after sowing a positive linear relationship was observed between 

leaf surface area and maximum electron transport rate (ETRmax) for seedlings grown under 
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different surface irradiance levels (100% - circle, 70% - triangle, 50% - square, 30% - 

diamond). Symbols represent means (± 1 SE) of X and Y axes. 

 

 

Figure 4.7: Non-photochemical quenching (NPQ) versus photosynthetically active radiation 

(PAR) at eight incremental light steps ranging from 25-650 µmol quanta m-2 s-1 for each 

light treatment (100, 70, 50, 30% Es). Measurements were taken at five months. Black 

symbols represent high light (70, 100% Es) and white symbols represent low light (30, 

50%Es) treatments. 

 

Table 4.2: Maximum quantum yield of PS II (Fv/Fm), dark adapted initial fluorescence (Fo) 

and dark adapted maximum fluorescence (Fm), light-limited photosynthetic efficiency (α), 

and minimum saturation irradiance (Ik: intercept of α and ETRmax) for P. australis seedlings 

grown in different light conditions. Means (± 1 SE), n=8. Different letters denote 

significant differences. 

Treatment % Es Fv/Fm Fo Fm α Ik 

100 0.66 (0.009)a 317.1 (21.3)a 961.4 (71.6)a 0.26 (0.01)a 82.5 (3.5)c 

70 0.69 (0.009)a 301.3 (17.3)a 1026.2 (67.7)a 0.29 (0.01)a 71.2 (4.2)b 

50 0.77 (0.008)b 296.2 (12.1)a 1305.2 (56.0)b 0.33 (0.01)b 60.1 (3.5)a 

30 0.76 (0.005)b 330.1 (15.6)a 1396.4 (67.6)b 0.33 (0.01)b 53.4 (3.7)a 
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4.3.5 Plant nutrient analysis 

At the end of the experimental period (seven months) seedlings cultured under lower light 

conditions (50% and 30% Es) had higher leaf nitrogen concentration (~2.2% dry wt.) 

compared to seedlings receiving 70% Es (1.8% dry wt.), and considerably more than 

seedlings cultured under 100% Es (1.5% dry wt.) (F8,11 = 9.7, p<0.01, Table 4.3). Light 

treatment did not significantly affect leaf phosphorus concentration (Table 4.3).  

 

Stable carbon isotope (δ13C) were more negative (more depleted in δ13C) in leaf tissue of 

seedlings cultured under 30% Es, followed by 50% SI. Seedlings cultured at 70% Es were 

significantly less negative in δ13C, though δ13C values did not increase any further at 100% 

Es (Fig. 4.8). 

 

Table 4.3: Leaf tissue nutrient concentration (% dry wt.) of nitrogen (N), and phosphorus 

(P) for P. australis seedlings cultured under four different light treatments (100, 70, 50, 

30% Es) after seven months growth. Means ± (SE), n=3. Different letters denote significant 

differences (Tukey p>0.05). 

Treatment % Es N P 

100 1.5 (0.01)
a
 0.13 (0.01)

a
 

70 1.8 (0.15)
a,b

 0.12 (0.00)
a
 

50 2.2 (0.10)
b
 0.12 (0.01)

a
 

30 2.2 (0.09)
b
 0.13 (0.01)

a
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Figure 4.8: Leaf δ13C values of Posidonia australis seedlings grown in different light 

treatments (100, 70, 50, 30% Es) after seven months. Mean (± 1 S.E). Different letters 

denote significant differences (Tukey p>0.05) 

 

4.3.6 Seed starch content 

Posidonia australis seedlings cultured under different irradiance levels showed qualitative 

differences in seed starch content after three months. More seed starch was retained in 

seedlings cultured under 100% and 70% Es, whereas seedlings grown in shaded conditions 

showed increasing seed starch depletion when light decreased from 50% to 30% Es (Fig. 

4.9). Also, seedlings cultured at 70% Es appeared to have more seed starch than seedlings 

cultured at 100% Es. 
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Figure 4.9: Transverse section of a P. australis seed stained with Iodine (black 

discolouration). Initial: represents newly dehisced seeds (1 week after germination); 100, 

70, 50, and 30% Es: represent each light treatment after three months growth. 
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4.4 Discussion 

Under natural light conditions, Posidonia australis seedlings grew best when cultured at 

70% Es. Enhanced growth over seven months manifested as increased leaf, root, rhizome 

and whole seedling biomass, leaf production, leaf surface area and root length. Lower (30, 

50% Es) and higher (100% Es) surface irradiances resulted in significantly less growth by 

the end of the experimental period. This was probably due to two mechanisms: At the 

highest irradiance (100% Es) growth probably became nutrient-limited after the first few 

months. Most of the seed reserves were depleted with the faster initial growth, and low 

supply of nutrients from sediment. At the lowest irradiances, light was probably limiting 

growth as the trial proceeded, particularly with a reduction in light levels as the seasons 

changed from summer to mid-winter (January-July). Culturing seedlings under sub-optimal 

light conditions (30%, 50% and 100% Es) did not result in seedling mortality. 

Photophysiological investigations indicated that P. australis seedlings photoacclimated to 

each level of irradiance in this study.   

 

4.4.1 Light conditions for enhanced growth 

The most suitable irradiance (70% Es) for enhanced and continued growth of P. australis 

seedlings corresponded to an average daily integrated irradiance of 24.2 mol photons m-2 d-

1at the beginning of summer, decreasing to 8.7 mol photons m-2 d-1 mid-winter.  Established 

populations of northern temperate Zostera noltii seagrasses showed enhanced growth 

between 5-23 mol photons m-2 d-1 (Vermaat & Verhagen 1996). Similarly, transplants of 

Mediterranean Z. noltii grown in outdoor mesocosms, showed reduced growth below 3.6 

mol photons m-2 d-1, 7% Es, and displayed optimal growth at 20.6 mol photons m-2 d-1, 42% 

Es (Perelta et al. 2002). However, growth was reduced at 49.3 mol photons m-2 d-1, 100% Es 
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(Perelta et al. 2002). Zostera capricornii transplants grown in outdoor mesocosms collected 

from intertidal sub-tropical Australian populations, displayed light-saturated growth at 50 – 

100% Es (Abal et al. 1994). In contrast, a linear growth response to irradiance levels has 

been observed in outdoor mesocosm experiments on northern temperate Zostera marina 

adult plants and seedlings (Short et al. 1995; Ochieng et al. 2010) as well as adult plants of 

Syringodium isoetifolium, Zostera capricorni (subtidal population), Halodule uninervis and 

Cymodocea serrulata collected from subtropical Australian populations (Grice et al. 1996). 

This linear growth response contrasts with the saturation model found in this study as well 

as by others (Abal et al. 1994; Vermaat & Verhagen 1996; Perelta et al. 2002) and indicates 

that all available light, up to full sunlight (100% Es) was utilized to increase growth in these 

seagrasses (Short et al. 1995; Grice et al. 1996; Ochieng et al. 2010). 

 

4.4.2 Light- versus nutrient-limitation 

Growth of P. australis seedlings was reduced when cultured at 50% and 30% Es suggesting 

growth was limited by light availability. After seven months culture at 50% Es, whole 

seedling biomass was 20% lower and only 10 leaves were produced whereas at 30% Es 

whole seedling biomass was 40% lower and only 9 leaves were produced compared to 12 

leaves in seedlings cultured at 70% Es. Leaf surface area was also significantly reduced at 

30% Es. However, seedlings at 50% Es had a similar leaf surface area to seedlings at 70% 

Es by the end of the experimental period. This appears to be related to the longer leaf 

lifespan of seedlings at 50% Es that may increase the time for leaves to grow longer and 

wider, thus increasing the surface area (Bintz & Nixon 2001). Despite the reduced growth 

of seedlings at 50% Es, growth was continuous over the seven month experimental period. 

In contrast, seedlings cultured at 30% Es did not show an increase in growth from five to 
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seven months, suggesting that 30% Es is inadequate for long term growth of P. australis 

seedlings in culture.  

 

Reduced growth observed in seedlings at the highest irradiance (100% Es) appeared to be 

related to N-limitation. Seedling biomass and leaf turnover at 70% and 100% Es were 

similar for the first three to five months after germination but subsequent growth at 100% 

Es was reduced. Leaf N concentration at the end of the experimental period (seven months) 

showed that leaves at the highest light (100% Es) had only 1.5% N dry wt. compared to 1.8 

% N dry wt. at 70% Es and 2.2% N dry wt. under reduced light conditions (30, 50% Es). 

There was also faster turnover rate of leaves, indicative of re-allocation of N from older to 

newly grown leaf tissue (Gusewell 2004).  Seagrasses are likely to be N-limited when leaf 

tissue N concentrations are below the median levels reported for seagrasses globally 

(<1.8% N dry wt. Duarte 1990). Plants that are limited by N-availability also display 

changes in morphology and include a reduction in leaf size (Orth 1977; Ferdie & 

Fourqurean 2004) and an increase in biomass allocation (R:S ratio) to below-ground root 

growth (Short 1987; Lee & Dunton 1999; Peralta et al. 2003). These responses are 

consistent with results from this study as well as studies on other species of seagrass that 

display low N concentrations at high levels of irradiance (Abal et al. 1994; Grice et al. 

1996; Perelta et al. 2002; Schwarz & Hellblom 2002). 

 

Increased photosynthetic rates in higher light increase the demand for CO2 (Lambers et al. 

2008). As surface irradiance increased up to 70% and 100% Es, seedlings displayed less 

discrimination against the isotopically heavier 13C, shown by less negative values for δ13C 

(Fig. 4.8).  The less negative δ13C values for seedlings cultured under the higher irradiances 
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could indicate that they were experiencing C limitation. Variation in δ13C uptake is also 

known to be affected by other factors, including water motion (Cooper & DeNero 1989; 

France & Holmquist 1997), and water temperature and carbon source (Cooper & DeNero 

1989; Hemminga & Mateo 1996). However, because seedlings received the same water 

source, were grown in the same sediment type, and were cultured under the same water 

circulation and temperature regimes it is apparent that light availability had the greatest 

influence on C uptake. 

 

4.4.3 Indications of autotrophic growth, independent from seed 

Seedling growth showed no clear relationship with light treatment in the early stages of life 

one month after germination. This is likely to be a result of use of seed reserves for growth. 

The seed contribution to seedling growth in the early stages of development was evident 

from endosperm tissue in the seed three months after germination, in which there were 

clear qualitative differences between the degrees of depletion of seed starch at low (50, 

30% Es) and high (100, 70% Es) light conditions (Fig. 4.9). The greater depletion of seed 

starch at 30% and 50% Es compared to 70% and 100% Es indicated that more seed reserves 

were being mobilized under reduced-light conditions to support seedling growth. Similar 

use of reserves stored in the rhizomes has been documented in adult seagrass plants under 

reduced light conditions (Olesen & Sand-Jensen 1993; Burke et al. 1996; Lee & Dunton 

1996; Ruiz & Romero 2001; Collier et al. 2009). After the initial three months, a response 

to light treatment was evident. Growth increased at higher levels of irradiance (100% and 

70% Es). This also coincided with a declining trend in photosynthetic activity (ETRmax) for 

all light treatments (Fig. 4.6a). This decline in ETRmax could indicate a transitional period 

between seed dependency and autonomous production of photosynthates. Subsequently, at 
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five months when ETRmax increased, a strong positive linear relationship between ETRmax 

and growth, measured as leaf surface area, was evident (Fig. 4.6b). This close relationship 

between ETRmax near midday and leaf surface area at five months suggests that by this time 

seedling growth was uncoupled from seed stores. Similarly, in T. testudinum seedlings, 

another species with a large seed, a change in photosynthetic parameters coincided with a 

decrease in the average non-structural carbohydrate carbon reserves within the seed (Kaldy 

& Dunton 1999). By calculating the daily carbon balance between photosynthesis and 

respiration, Kaldy and Dunton (1999) estimated that T. testudinum seedlings become 

photosynthetically self-sufficient between two to six months after germination. 

 

4.4.4 Indications of photoacclimation 

Physiological investigations revealed a clear photoacclimative response to low light 

conditions, expressed as an increased photosynthetic efficiency (α), a reduced electron 

transport rate (ETRmax), and reduced minimum saturating irradiance (Ik). Such responses 

have also been observed in relation to an increase in depth (Schwarz & Hellblom 2002; 

Collier et al. 2009) increased turbidity associated with deterioration in water quality 

(Campbell et al. 2003) and experimentally imposed shading (Ruiz & Romero 2001; Ralph 

& Gademann 2005). Photoacclimation tends to balance the loss of carbon under low-light 

conditions (Ruiz & Romero 2001). In addition to photoacclimation, studies on established 

seagrasses have found that seagrasses are also able to utilize stored C in the rhizomes under 

conditions of low photosynthetic production (Olesen & Sand-Jensen 1993; Ruiz & Romero 

2001; Collier et al. 2009). However, unlike adult plants, seedlings have limited rhizome 

development and storage reserves to draw upon. Therefore, their ability to photoacclimate 
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to reduced light conditions is likely to be an important contributor to their survival over the 

first winter when light levels are low. 

 

There was also an indication of photoacclimation to high levels of irradiance for seedlings 

cultured at 70% and 100% Es. This was observed as a significant decline in maximum 

quantum yield of photosynthesis, Fv/Fm, and maximum dark acclimated fluorescence, Fm. 

The decline in Fv/Fm and Fm, but not the initial dark acclimated fluorescence, Fo, at higher 

irradiance levels indicates photoprotection of the photosynthetic apparatus, rather than 

photodamage (Ralph & Burchett 1995) and is consistent with reported responses of other 

seagrass species to exposure of high light levels (Ralph & Burchett 1995). In this study, P. 

australis seedlings cultured at higher levels of surface irradiance (100% and 70% Es) 

displayed an elevated capacity for non-photochemical quenching (Fig. 4.7) compared to 

seedlings cultured at low levels of surface irradiance (50% and 30% Es). This demonstrates 

that P. australis seedlings have a capacity to adjust their photosynthetic characteristics to 

survive in shallow, high-light environments. 

 

4.4.5 Implications for restoration 

Results from this study identified 70% Es as the most suitable light conditions for 

production of larger, more vigorous P. australis seedlings in culture. Selection of sites with 

characteristics consistent with this optimal light level of 70% Es, are more likely to result in 

greater establishment success. Depending on local conditions of light attenuation 

(turbidity), this will correspond to differing depth ranges and would need to be quantified to 

identify suitable transplant locations.  
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P. australis seedlings also survived well under sub-optimal light conditions, related to their 

high photoacclimation potential. This suggests that if light conditions at the transplant site 

were to deteriorate due to changes in water quality, their ability to photoacclimate would 

enable seedlings to persist until light conditions return to normal. This would also apply to 

sudden, potentially damaging increases in light, for example, at low tides. However, the 

time required for physiological adjustment in response to a change in light conditions is 

unknown for this species. This would be useful information when transplanting into 

locations with significant variation in light conditions. 
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Chapter Five 

Low water flow is optimal for photosynthesis, growth and root 

development of Posidonia australis seedlings 

 

5.1 Introduction 

Transplanting nursery-reared seedlings is an effective approach to restoring seagrasses from 

seed (Tanner et al. 2010). This approach is particularly attractive, firstly because large 

numbers of seeds can be obtained without adversely affecting the integrity of existing 

healthy meadows (Orth et al. 2006b), and secondly because growth and development can 

be manipulated in culture (Tanner & Parham 2010) potentially giving seedlings an 

advantage when transferred to the field. However, suitable conditions for successful culture 

of many species of seagrass have not been determined, particularly, the influence of water 

movement. 

 

Increased water movement has been found to enhance seagrass productivity and alter plant 

morphology (Fonseca & Kenworthy 1987; Perelta et al. 2006) through replenishing the 

supply of dissolved inorganic carbon to the leaf surface (by reducing the thickness of the 

diffusion boundary layer) leading to an increase in the rate of photosynthesis under 

saturating light (Koch 1994; Enriquez & Rodriques-Roman 2006) and the bulk flow of 

nutrients to the leaves such as ammonium (Thomas et al. 2000). However, as velocity 

increases leaves bend, decreasing the efficiency of the canopy to remove nutrients from the 

water column, unless leaf flapping due to monamis occurs or orbital motion of waves cause 

mixing within canopy (Koch & Gust 1999). This has been confirmed in flume experiments 

where uptake rates of ammonium were greater in oscillatory versus unidirectional flow 
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(Thomas & Cornelisen 2003). Water motion can also increase the exchange of overlying 

water column with the sediment as a result of pressure gradients forming around seagrass 

shoots (Nepf & Koch 1999). An increased exchange of overlying water with the sediment 

can contribute to the advection of nutrients from the sediment to the leaf surface (Nepf & 

Koch 1999), flush out toxic sulfides (Koch 1999), or conversely, increase the flux of 

organic particles into the sediment (Huettel et al. 1996).  Negative effects of increased 

water motion include damage to leaves, breakage of shoots, or dislodgement of the whole 

plant due to sediment erosion (Scoffin 1970; Fonseca et al. 2007). 

 

There is also evidence to suggest that water movement can influence epiphyte settlement, 

growth and removal. For example, settlement of spores and larval stages tends to be 

enhanced under conditions of low water motion (Taylor et al. 2010). Under conditions of 

increased water motion epiphytic algae appear able to intercept biologically important 

nutrients such as dissolved inorganic carbon and nitrogen before they reach the leaf surface 

of seagrasses (Jones et al. 2000; Cornelisen & Thomas 2002; Cornelisen & Thomas 2004). 

However, above a threshold water velocity epiphytes may not be present either due to 

inability to settle, increased drag or increased friction between seagrass leaves that scour 

the leaves of epiphytes (Scoffin 1970; Lavary et al. 2007).  

 

In this study, the growth, morphology and photosynthetic response of newly dehisced P. 

australis seedlings to water movement in a land-based aquaculture system was investigated 

to develop an understanding of how water movement adjustments can influence seedling 

health and vigour. I hypothesize that an increased in water flow over the seedling leaf 

surface will increase photosynthesis and enhance seedling growth. Seedlings were cultured 
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at three levels of water velocity; low (control - 1 cm s-1), medium (8 cm s-1) and high (15 

cm s-1) in a long-term trial (five months). Low water velocity was based on simple water 

exchange and treated as the control.  Initially, seedlings were cultured at lowest water 

velocity to develop sufficient root growth for anchorage because preliminary trials showed 

that newly planted seedlings were removed by high water velocity. Medium and high water 

velocities were added after one month and induced by a submerged pump and paddlewheel, 

creating oscillatory flow. 

 

5.2 Methods 

5.2.1 Seedling collection 

Mature and intact P. australis fruit were collected from Woodman Point, Western Australia 

(32o08’10”S, 115o44’31”E). Maturity was monitored over a four week period prior to 

collection and coincided with natural dehiscence events on the day of collection. Fruit were 

maintained in ambient (17oC) seawater and transported to the Watermans Bay Marine 

Research Facility (WBMRF), Watermans Bay, Western Australia. Fruit were left to dehisce 

naturally over three days in a 350 l circular PVC holding tank, receiving natural sunlight 

(100%) and through-flow filtered seawater (15 l min-1). Dehiscence of mature fruit (98% of 

total fruit collected) released negatively buoyant seedlings, resulting in seedlings falling to 

the bottom of the holding tank. Pericarp remains (dehisced fruit material) were collected 

and discarded twice daily to reduce the likelihood of bacterial infection and decomposition 

of viable seedlings. Seedlings were sorted and assessed for viability, identified by an intact 

seed, shoot and root. Seedlings with a mean seed length of 15 mm (± 1), were selected for 

experimental manipulation. 
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5.2.2 Experimental design and set-up 

Seedlings were grown under three water velocity regimes; low (1 cm s-1), medium (8 cm s-

1) and high (15 cm s-1). Initially, seedlings were maintained under low water movement for 

one month to develop sufficient root anchorage. After one month the medium and high 

water velocity treatments were applied. A submerged pump was used to increase the water 

velocity over the seedling leaf surface. Water velocity from the pump was adjusted using a 

valve. To simulate oscillatory water movement, a paddle wheel was placed in front of the 

pump so that flowing water was more evenly dispersed over the width of the tank which 

also caused a pulsing of water over the seedlings. The mean water velocity at the leaf 

surface was measured by releasing dye slightly above the height of the seedlings in culture, 

then recording the time taken for the dye to reach the opposite end of the tank, a distance of 

80 cm. This was replicated five times per treatment.  Vertical mixing of the introduced dye 

was also observed, indicating that oscillatory flow was induced by the pump/paddlewheel 

combination. Vertical mixing of the dye was not observed to the same extent in the low 

water velocity treatment, suggesting that oscillatory flow was also less over the leaf 

surface.  

 

Individual seedlings were planted into individual pots (210 x 70 x 70mm) with 60 replicate 

seedlings per water velocity treatment. Prior to placement within tanks, pots were lined 

with a fine nylon mesh bag and filled with natural unsorted calcareous sediment (see 

Chapter 3 for a description). Seedlings were sown into pots to a depth of 20 mm below the 

sediment surface leaving no less than 10 mm of shoot exposed. 
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Sand-filtered seawater (salinity ~ 35 ppt, 18-23oC) was supplied to each tank at a rate of 

(15 l min-1) with a gravity-fed through-flow system.  Internal stand-pipes skimmed surface 

dust particles and algae to maintain consistent light penetration to the seedlings. Seedlings 

were grown at a depth of 0.2 m below the water surface and received full sunlight (100% 

Es). Algal cover in tanks and on seedlings was visually assessed prior to cleaning. Tanks 

and seedlings were cleaned of epiphytic growth every three days using a siphon hose which 

minimized physical disturbance to the seedlings. Pots were moved every two-three days to 

avoid any potential heterogeneity due to position in the tank (i.e. close to water in-flow, 

edge vs. middle of tank).  

 

5.2.3 Survival and growth 

Prior to each harvest, seedling survival was assessed by counting the number of seedlings 

alive. Ten seedlings were harvested from each water movement treatment at one, three and 

five months. Each seedling was carefully removed from its pot and sediment was gently 

washed away, leaving an intact root system. Seedlings were cleaned of epiphytes and then 

separated into their component parts. Fresh root and leaf material was submersed in water 

on a shallow Perspex tray and scanned. Images were processed using WinRhizo 4.0 

software for measures of leaf and root variables. Seedling material was then dried in an 

oven at 60oC for 72 hours and weighed. Roots were also visually inspected for occurrence 

of discolouration in each treatment. 

 

5.2.4 Photophysiology 

Photosynthesis was measured with a pulse amplitude modulated fluorometer (Diving-PAM 

fluorometer - Walz GmbH, Effeltrich, Germany). Maximum electron transport rates 
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(ETRmax) (µmol electrons m-2 s-1) were calculated from rapid light curves (RLC). RLC’s 

were generated by a pre-installed incremental sequence of actinic illumination periods, with 

light intensity increasing over nine steps (10s duration) beginning at a user-defined initial 

intensity. The leaf clip with attached fibre-optic probe (5.5 mm active cross-section) was 

placed 30 mm from the leaf base of the second fully expanded leaf of a seedling. Eight 

replicate RLC were conducted at midday for each light treatment on the day of harvest at 

one, three, and five months. Data was fitted to a double exponential decay function (Platt et 

al. 1980) using a Marquardt–Levenberg regression algorithm: 

P = Ps (1- e -(αId / Ps))e-(βId / Ps)    (Equation 1) 

where Ps is a scaling factor defined as the maximum potential ETR, in the absence of 

photoinhibitory processes, α, indicative of the efficiency of photon capture at low light, is 

the initial slope of the RLC before the onset of saturation, Id the downwelling irradiance 

(400–700 nm), and β characterizes the photoinhibited region of the slope of the RLC, 

where PSII declines. ETRmax was calculated using the following equation: 

ETRmax = Ps(α/[α+β])(β/[α+β])β/α  (Equation 2) 

 

The potential quantum yield of photochemistry ([Fm-Fo]/Fm or Fv/Fm) was evaluated by 

subjecting dark adapted leaves (dark adapted for 15 minutes) to a saturating pulse of light. 

Chlorophyll fluorescence parameters (Fo, Fm) were measured on leaves of eight replicate 

seedlings for each light treatment at midday (1200-1400) at three harvest times (one, three, 

and five months). The fiber-optic probe was held in place in a dark-leaf clip (Walz, Diving 

leaf clip) 30 mm from the leaf base. Fo (dark-adapted state) was determined by a weak 

pulsed red light (<1 µmol quanta m-2 s-1), and Fm (dark-adapted state) was determined by a 

saturating pulse of white light (0.8 s at 8000 µmol quanta m-2 s-1).  
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5.2.5 Statistical analysis 

A two-way analysis of variance (SPSS 15.0; GLM) was used to test direct and interactive 

effects of treatment (1, 8, and 15 cm s-1) and time (one, three and five months) on biomass.  

A two-way analysis of variance (SPSS 15.0; GLM) was used to test direct and interactive 

effects of treatment (1, 8, and 15 cm s-1) and time (three and five months) on leaf and root 

morphology. A two-way analysis of variance (SPSS 15.0; GLM) was used to test direct and 

interactive effects of treatment (1, 8, and 15 cm s-1) and time (one, three and five months) 

on maximum electron transport rate (ETRmax) and maximum quantum yield of photosystem 

II or photosynthetic efficiency (Fv/Fm). Following a significant difference, a Tukey’s post 

hoc test was used to test for significant differences in treatment means. Prior to analysis, 

data was tested for homogeneity of variance using Shapiro-Wilks test and data transformed 

where necessary to meet the assumptions of homogeneity of variance. 

 

5.3 Results 

5.3.1 Survival and growth 

There was no seedling mortality during the first month when all seedlings were maintained 

at 1 cm s-1. During the subsequent four month experimental period, there was also no 

seedling mortality for seedlings cultured at 1 cm s-1 or 15 cm s-1. However, 8% of seedlings 

in the 8 cm s-1treatment died after three months and by five months, a total of 23% of 

seedlings had died.  

 

Significant epiphyte coverage was observed on seedlings cultured at 8 cm s-1(Fig. 5.1). 

Epiphytes were completely removed every three days however the rate of re-colonisation 
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on leaves of seedlings cultured at 8 cm s

cm s-1 or 15 cm s-1 (Fig. 5.1) despite receiving the seawater from the same source.

 

 

         1 cm s
-1

   

Figure 5.1: Epiphyte growth one month after water velocity treatments were installed.  a) 

low (1 cm s-1), medium (8 cm s-1) and high (15 cm s

changed over course of experimental period. Epiphytes were cleaned from the tanks every 

three days. Epiphyte coverage was consistently greater at 8 cm s

seedling coverage by the third day. 

 

When all seedlings were maintained in culture at 1 cm s

release there was no significant difference in biomass (leaf, root and whole seedling). After 

water velocity treatments were installed at the end of one month there was no differe

between seedlings cultured at 1 cm s

(four months). There was a linear increase in biomass of seedlings cultured at 1 cm s

15 cm s-1 (Fig. 5.2).  Seedlings cultured at 8 cm s

months, though this was significantly less than seedlings cultured in both 1 cm s

cm s-1. From three to five months there was no significant increase in seedling biomass 

when cultured at 8 cm s-1 (Treatment X Time Table 5.1, Fig. 5

on leaves of seedlings cultured at 8 cm s-1 was much more rapid than seedlings cultured at 1 

despite receiving the seawater from the same source. 
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Figure 5.1: Epiphyte growth one month after water velocity treatments were installed.  a) 

) and high (15 cm s-1) water velocity. Epiphyte species 

changed over course of experimental period. Epiphytes were cleaned from the tanks every 

three days. Epiphyte coverage was consistently greater at 8 cm s-1, with almost complete 

 

ngs were maintained in culture at 1 cm s-1 during the first month after seed 

release there was no significant difference in biomass (leaf, root and whole seedling). After 

water velocity treatments were installed at the end of one month there was no differe

between seedlings cultured at 1 cm s-1 and 15 cm s-1 for the duration of the experiment 

(four months). There was a linear increase in biomass of seedlings cultured at 1 cm s

(Fig. 5.2).  Seedlings cultured at 8 cm s-1also increased in biomass by three 

months, though this was significantly less than seedlings cultured in both 1 cm s-1 and 15 

. From three to five months there was no significant increase in seedling biomass 

(Treatment X Time Table 5.1, Fig. 5.2). Seedling rhizome 

was much more rapid than seedlings cultured at 1 
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changed over course of experimental period. Epiphytes were cleaned from the tanks every 

, with almost complete 

during the first month after seed 

release there was no significant difference in biomass (leaf, root and whole seedling). After 

water velocity treatments were installed at the end of one month there was no difference 

for the duration of the experiment 

(four months). There was a linear increase in biomass of seedlings cultured at 1 cm s-1 and 

iomass by three 

and 15 

. From three to five months there was no significant increase in seedling biomass 

.2). Seedling rhizome 
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biomass was significantly greater for seedlings cultured at 1 cm s-1 and 15 cm s-1 compared 

to 8 cm s-1 (Treatment Table 5.1, Fig. 5.3) 

 

Table 5.1: Two-way fixed factor (treatment, time) ANOVA for measures of P. australis 

seedling biomass. 

Variable df MS F P 

Total seedling biomass (mg DW) 

                          Treatment 

                          Time 

                          Treatment*Time 

Leaf biomass (mg DW) 

                          Treatment 

                          Time 

                          Treatment*Time 

Root biomass (mg DW) 

                          Treatment 

                          Time 

                          Treatment*Time 

Rhizome biomass (mg DW) 

                          Treatment 

                          Time 

                          Treatment*Time 

 
2 

2 

4 

 

2 

2 
4 

 

2 

2 

4 
 

2 

2 

4 

 
7582.4 

44185.9 

2695.4 

 

2097.7 

8461.8 
576.8 

 

1211.1 

10357.8 

622.2 
 

27.2 

354.7 

7.7 

 
16.2 

94.3 

5.8 

 

20.8 

84.0 
5.7 

 

5.7 

49.2 

3.0 
 

6.2 

80.7 

1.7 

 
<0.001 

<0.001 

<0.001 

 

<0.001 

<0.001 
<0.001 

 

<0.05 

<0.001 

<0.05 
 

<0.01 

<0.001 

n.s. 

n.s. not significant 
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Figure 5.2: Posidonia australis A) whole seedling, B) leaf, and C) root biomass (mg dry 

wt.) at one, three and five months when cultured at 1cm s-1 (circle), 8 cm s-1(triangle) and 

15 cm s-1(square). Note: all seedlings were cultured at 1 cm/s for the first month. Symbols 

represent means (± 1 SE) from a two-way interaction. 
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Figure 5.3: Rhizome biomass (mg dry wt.) for Posidonia australis seedlings cultured at 1, 

8, and 15 cm s-1. Columns represent main effect means (± 1 SE) 

 

5.3.2 Leaf morphology 

Seedlings cultured at 8 cm s-1 had significantly less leaf surface area than seedlings cultured 

at 1 cm s-1 and 15 cm s-1 at three and five months. By the end of the experimental period 

(five months), leaf surface area of seedlings cultured at 8 cm s-1 was 30% less than 

seedlings cultured at 1 cm s-1 and 15 cm s-1 (Treatment X Time Table 5.2, Fig. 5.4). 
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Table 5.2: Two-way fixed factor (treatment, time) ANOVA for measures of P. australis 

seedling leaf and root morphology. 

Variable df MS F p 

Leaf surface area (cm
2
) 

                          Treatment 

                          Time 

                          Treatment*Time 

Total root length (m) 

                          Treatment 

                          Time 

                          Treatment*Time 

Lateral root length (m) 

                          Treatment 

                          Time 

                          Treatment*Time 

Number of roots 

                          Treatment 

                          Time 

                          Treatment*Time 

 
2 

1 

2 

 

2 

1 
2 

 

2 

1 

2 

 
2 

1 

2 

 
888.1 

554.1 

167.4 

 

0.6 

0.6 
0.3 

 

0.5 

0.2 

0.1 

 
2.1 

3.7 

3.8 

 
19.8 

12.3 

3.7 

 

9.9 

9.9 
4.5 

 

8.9 

4.7 

5.1 

 
2.7 

4.8 

4.8 

 
<0.001 

<0.01 

<0.05 

 

<0.001 

<0.01 
<0.05 

 

<0.001 

<0.05 

<0.01 

 
n.s. 

<0.05 

<0.05 

n.s. not significant 
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Figure 5.4: Posidonia australis leaf area (cm2) at three and five months when cultured at 1 

cm s-1(circle), 8 cm s-1(triangle) and 15 cm s-1(square). Note: all seedlings were cultured at 

1 cm/s for the first month. Symbols represent means (± 1 SE) from a two-way interaction. 
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5.3.3 Root morphology 

Seedlings produced three roots after three months, regardless of water velocity treatment. 

However, after five months seedlings cultured at 1 cm s-1 and 15 cm s-1 had produced 

additional roots compared to seedlings cultured at 8 cm s-1 (Treatment X Time Table 5.2, 

Fig. 5.5a). Total root length was not significantly different between water velocity 

treatments at three months but after five months, total root length of seedlings cultured at 1 

cm s-1 were 30% longer than seedlings at 15 cm s-1 and almost 50% longer than seedlings at 

8 cm s-1 (Treatment X Time Table 5.2, Fig. 5.5b). Lateral root length of seedlings was not 

significantly different between water velocity treatments at three months but by five 

months, lateral root length of seedlings cultured at 1 cm s-1 was 50% longer than seedlings 

at 8 cm s-1 and 15 cm s-1 (Treatment X Time Table 5.2, Fig. 5.5c).  

 

Seedlings cultured at different water velocities displayed differences in root colouration at 

three and five months in culture. Seedling root systems cultured at 15 cm s-1 had a brown 

colour to a depth of 5.5 cm in the sediment. Seedlings roots cultured at 8 cm s-1 were brown 

to a depth of 3.5 cm, but only to a depth of 1.5 cm at 1 cm s-1 (Fig. 5.6). 
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Figure 5.5: Posidonia australis seedlings A) root production, B) total root length (m), and 

C) lateral root length (m) at three and five months when cultured at 1 cm s-1(circle), 8 cm s-

1(triangle) and 15 cm s-1(square). Symbols represent means (± 1 SE) from a two-way 

interaction. 
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Figure 5.6: Posidonia australis

when cultured at 1 cm s-

browning along the root 

cm s-1, up to 3.5 cm depth of root browning; and at 15 cm s

browning. 

 

5.3.4 Photophysiology 

When all seedlings were maintained in culture at 1 cm s

release, there were no significant differences in their maximum electron transport rates, 

ETRmax (Fig. 5.7a). After water velocity treatments were installed at the end of one month, 

there were no differences in ETR

(Fig. 5.7a) after 3 months. However, seedlings cultured at 8 cm s

reduced ETRmax at three and five months (Treatment X Time Table 5.3, Fig. 5.7a).

 

Similarly, when all seedlings were maintained in

after seed release, maximum quantum yield of photosystem II (F

 

australis seedlings showing root systems after five months growth 

-1, 8 cm s-1and 15 cm s-1.Brackets indicate the depth profile of 

browning along the root length. At 1 cm s-1, less than 1.5 cm depth of root browning; at 8 

, up to 3.5 cm depth of root browning; and at 15 cm s-1, 5.5 cm depth of root 

 

When all seedlings were maintained in culture at 1 cm s-1 during the first month after seed 

release, there were no significant differences in their maximum electron transport rates, 

(Fig. 5.7a). After water velocity treatments were installed at the end of one month, 

there were no differences in ETRmax between seedlings cultured at 1 cm s

(Fig. 5.7a) after 3 months. However, seedlings cultured at 8 cm s-1 showed a significantly 

at three and five months (Treatment X Time Table 5.3, Fig. 5.7a).

Similarly, when all seedlings were maintained in culture at 1 cm s-1 during the first month 

after seed release, maximum quantum yield of photosystem II (Fv/Fm) was not significantly 
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seedlings showing root systems after five months growth 

Brackets indicate the depth profile of 

, less than 1.5 cm depth of root browning; at 8 

, 5.5 cm depth of root 

st month after seed 

release, there were no significant differences in their maximum electron transport rates, 

(Fig. 5.7a). After water velocity treatments were installed at the end of one month, 

cultured at 1 cm s-1 and 15 cm s-1 

showed a significantly 

at three and five months (Treatment X Time Table 5.3, Fig. 5.7a). 

during the first month 

) was not significantly 
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different, ranging from 0.67 - 0.70 (Fig. 5.7b). Seedlings cultured at 1 cm s-1 for the 

duration of the experiment showed no significant change in Fv/Fm (0.65-0.67). Seedlings 

cultured at 8 cm s-1 showed a significant decline in Fv/Fm at three (0.57) and five months 

(0.56) and was significantly lower than seedlings cultured at 1 cm s-1 and 15 cm s-1. 

Seedlings cultured at 15 cm s-1 also showed a decline in Fv/Fm at three months (0.62) but 

increased again at five months (0.69) to levels recorded at the beginning of the experiment, 

and were slightly more elevated than seedlings cultured at 1 cm s-1 (Treatment X Time 

Table 5.3, Fig. 5.7b). 

 

Table 5.3: Two-way fixed factor (treatment, time) ANOVA for measures of maximum 

electron transport rate (ETRmax) and maximum quantum yield of photosystem II (Fv/Fm)  

Variable df MS F p 

ETRmax 

                          Treatment 

                          Time 

                          Treatment*Time 

Fv/Fm 

                          Treatment 
                          Time 

                          Treatment*Time 

 

2 

2 

4 

 

2 
2 

4 

 

3.5 

183.6 

56.2 

 

0.01 
0.03 

0.02 

 

0.9 

48.3 

14.8 

 

4.4 
12.1 

7.9 

 

n.s. 

<0.001 

<0.001 

 

<0.05 
<0.001 

<0.001 

n.s. not significant 
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Figure 5.7: Posidonia australis seedling A) maximum electron transport rate (ETRmax) and 

B) potential quantum yield of photosystem II (Fv/Fm) at one, three and five months when 

cultured at 1 cm s-1 (circle), 8 cm s-1 (triangle) and 15 cm s-1 (square). Note: all seedlings 

were cultured at 1 cm/s for the first month. Symbols represent means (± 1 SE) from a two-

way interaction. 
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5.4 Discussion 

Increased water flow increases the supply of carbon and nutrients to leaf surfaces of aquatic 

plants and so could be expected to enhance growth and development (Fonseca & 

Kenworthy 1987; Koch 1994; Enriquez & Rodriques-Roman 2006; Perelta et al. 2006). 

This study showed that growth and photosynthesis of P. australis seedlings were in fact 

optimal at the lowest water velocity of 1 cm s-1, which consisted simply of the water 

exchange through the culture system, and that increasing water velocity in tank culture did 

not improve seedling growth. The least suitable water velocity regime proved to be the 

intermediate water velocity (8 cm s-1). These seedlings showed poor survival and lower 

biomass, leaf area and photosynthesis than seedlings at 1 and 15 cm s-1 which appeared to 

be related to the high epiphyte cover consistently present on leaf surfaces at this velocity.  

 

Photosynthesis of P. australis seedlings in this study was not limited under conditions of 

the lowest water velocity, 1 cm s-1 (Fig. 5.7). Koch (1994) demonstrated that even under 

conditions of low water movement, boundary layer limitation maybe transitory as the 

boundary layer thickness varies between limiting and non-limiting at a high frequency. 

Carbon saturation of photosynthetic processes has been found at low flows for Thalassia 

testudinum (0.25 cm s-1) collected from a calm environment and Cymodocea nodosa (0.64 

cm s-1) collected from a surf zone (Koch 1994). In addition, moderately epiphytized 

seagrass leaves, as found in this study, can cause temporal and spatial variability in 

boundary layer thickness, tending to reduce the potential for limiting conditions (Koch 

1994).  
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An unexpected result from this study was the reduced root length and deterioration (brown 

coloration) of roots at higher water velocities. Under conditions of increased water flows, it 

might be expected that plants would increase the size of their root system to improve 

anchorage and counteract the effect of increased drag. However, P. australis seedlings 

showed a reduction in root length with increased water velocity at 8 cm s-1and 15 cm s-1. 

While Thalassia testudinum seedlings displayed an increase in root length with increased 

water velocity (Koch 1999), water velocity was only increased from 0 cm s-1 up to 1 cm s-1, 

and so falls below the range of velocities in this study. An explanation for the negative 

effects on root growth with increase in water velocity could be that there is greater 

penetration of overlying water into the sediment when there is too little leaf canopy to 

attenuate the effect of increased water velocity (Koch 1999). In this study the brown 

discoloration observed in P. australis roots could also be attributed to greater contact with 

percolating seawater at increased water velocity (Fig. 5.6). The increased penetration of 

overlying water into the sediment may have disrupted the seedling rhizosphere, thus 

negatively affecting root growth. This was demonstrated in an extreme case where Z. 

marina seedlings were cultured hydroponically and displayed a significant decrease in the 

size of the root system (Biber 2006). Biber (2006) suggested that reduced root growth of Z. 

marina seedlings in contact with water was related to the lack of cues to stimulate root 

growth. In this study, root systems of P. australis seedlings became necrotic when in 

contact with the water column (Appendix IV) or when cultured in rooting media that allows 

infiltration of water to the root system (Appendix I).   

 

Poor survival and reduced growth and photosynthesis of seedlings at the intermediate water 

velocity (8 cm s-1) corresponded to higher epiphyte cover than at higher or lower velocities 
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(Fig. 5.1).The effect of increased epiphyte abundance on adult P. australis leaves has 

previously been reported and resulted in decreased leaf production and reduced 

photosynthetic activity (Silberstein et al. 1986). High epiphyte loads on seagrass leaves can 

significantly reduce the amount of light reaching the leaf surface (Silberstein et al. 1986). In 

addition, reduce light availability to the leaf surface caused physiological stress to 

seedlings, as shown by the reduced Fv/Fm ratio, and is consistent with low light stress found 

in other species of seagrass (Campbell et al. 2003). Koch (1994) proposed that once 

epiphyte cover exceeds a threshold thickness, water will likely flow over the epiphyte cover 

rather than through it, increasing the thickness of the diffusive boundary layer and causing 

further growth-limiting conditions by reducing carbon and nutrient availability. Both of 

these processes could explain the lower photosynthetic rate of seedlings at this intermediate 

water velocity.   

 

Epiphyte cover was less at low and high water velocity and this may be related to different 

processes. At low velocity, fluxes of inorganic carbon and nutrients to the leaf surface may 

have been too low (limiting carbon and nutrient flow) for rapid growth of epiphytes 

attached to seagrass leaves (Cornelisen & Thomas 2002). Conversely, at high water 

velocity, algal spores may have been less likely to settle on the leaf surface, while those that 

did settle may have eventually dislodged due to increased drag. Scoffin (1970) found that 

with unidirectional flow at current velocities of 70 cm s-1 leaf flapping of T. testudinum 

leaves occurred, dislodging attached epiphytes. In this study, the maximum current velocity 

was only 15 cm s-1 but leaf flapping was observed as a result of the oscillatory flow, so that 

epiphytes would still be dislodged even at this slower rate of water flow.  Lavery et al. 

(2007) investigated the effects of friction caused by the leaves in a seagrass meadow where 
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rubbing at high water velocity reduced epiphyte cover, but this seems less likely for the 

seedlings in tanks as they had not developed a large or overlapping leaf canopy. 

 

5.4.1 Conclusions and implications for restoration 

This study found that simple water exchange at a rate of 1 cm s-1 was the most suitable 

water flow condition sustaining the best growth and development of P. australis seedlings 

in culture. The associated costs of pumping, the increased efforts in keeping the leaf surface 

free from epiphytes, and the lack of growth enhancement with increased water flow 

indicates that water flow beyond the lowest velocity corresponding to water exchange (1 

cm s-1) would not be necessary for generating large numbers P. australis seedlings in tank 

culture for subsequent use in restoration programs.   

 

Increasing water flow to 8 cm s-1 resulted in high epiphyte loads and significantly reduced 

growth and survival of seedlings. Further increases in water flow appeared to reduce 

epiphyte cover on the leaf surface of seedlings but the size of the seedling root system was 

also reduced. This is likely to have a negative effect on establishment of seedlings when 

they are transferred to field sites, with a reduced root system decreasing the anchorage 

capacity of seedlings (Schutten et al. 2005). It is not known, however, whether transferring 

seedlings to sites that experience high water velocities would also result in poor root 

development thus further limiting establishment success of seedlings.   
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Chapter Six 

General Discussion 

Seeds represent a practical and ecologically sustainable source of planting units for 

restoring seagrasses particularly in the genus Posidonia where invasive rhizome 

transplanting methods are the only known means for intervention restoration in Australia. 

Seeds of the temperate Australian seagrass Posidonia australis Hook. f. germinate before 

shedding (viviparous seeds), and this lack of dormancy means that seeds cannot be 

effectively banked for later use in restoration as is standard practice in terrestrial-based 

restoration programs. One method of extending the period of seed(ling) availability is to 

collect seeds and then grow seedlings in aquaculture facilities until they are required for 

transplanting in situ. This investigation demonstrated with the widespread seagrass, 

Posidonia australis, that with careful selection of suitable conditions in aquaculture 

facilities and rigorous husbandry practices, larger seedlings with more substantial root 

systems could be produced for restoration projects. By growing P. australis seedlings in 

land-based aquaculture facilities, their availability was successfully extended from only a 

few weeks after seed release to at least seven months, with many individuals surviving for 

up to three years.  

 

At the commencement of this study, there was little information on growth (sediment 

composition, nutrients, light, and water flow) requirements relevant to the culture of P. 

australis seedlings. Previous work on responses to light (Gordon et al. 1994; Collier et al. 

2007; Collier et al. 2009 - for the closely related P. sinuosa only and not P australis) and 

nutrients (Cambridge & Kendrick 2009; Hovey et al. In review) had been carried out with 

field studies of transplanted adult shoots or mature established meadows so that suitable 
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growth conditions in culture could only be inferred from these earlier works. While these 

studies on mature plants provided valuable background information, the lack of quantitative 

information on optimal conditions required to grow P. australis seedlings represented key 

areas for research. This study therefore focused on testing growth and development 

responses to four environmental variables (sediment composition, nutrients, light, and 

water flow) to determine optimal conditions in culture (Fig. 6.1).  
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Figure 6.1: Schematic showing optimal environmental conditions, determined in a series of 

experiments on factors influencing growth and development of P. australis seedlings in 

culture, described in Chapters 2-5. 
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Characterizing optimal environmental conditions for P. australis seedlings in culture 

Key findings from this study relevant to producing vigorous seedlings for restoration 

revealed the following: 

• The most suitable irradiance level for enhanced and continued growth of P. 

australis seedlings in culture under natural light conditions was 70% Es. At this 

level, seedlings continued to produce larger, faster growing leaves and a larger root 

system during the seven month experimental period.  

• The most appropriate sediment composition for growing seedlings in culture was 

unsorted sediments amended with seagrass detritus. Adding seagrass detritus to 

unsorted sediments enhanced leaf, root, rhizome and whole seedling biomass and 

resulted in the development of larger root systems.  

• In contrast, inorganic nutrient supplements were unsuitable as a nutrient source. 

They did not increase seedling growth, effectively reduced the size of the seedling 

root system, and promoted algal growth that required considerable effort to remove 

so as to avoid deleterious occlusion of light on leaves of the Posidonia seedlings.  

• The most suitable water flow regime for continued survival, growth and root 

development of P. australis seedlings in culture was low water flow at a velocity of 

1 cm s-1. 

 

Light   

Irradiance levels below 50% Es were inappropriate for long-term growth of seedlings under 

natural light conditions due to the seasonal decline in light availability, though their ability 

to photo-acclimate to reduced light conditions enabled seedlings to survive through the 

low-light period. Seedlings cultured at 50% Es displayed continued growth over the 7 
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month period, although at a slower rate than seedlings cultured at 70% Es. In contrast, 

lower irradiance levels are inadequate for long term culture of P. australis seedlings: at 

30% Es seedlings ceased growing after 5 months as a result of reducing light levels during 

the trial period from summer to mid-winter (January-July). Similarly, seedlings cultured at 

20% Es (Chapter 3) also ceased growing, and due to the greater level of shading, this 

occurred only after 3 months as the trial proceeded from summer to mid-autumn. δ C 13 

values also became more negative with the change in season. When light is reduced, the δ 

C 13 signature of seagrass decreases as a result of increasing C13 discrimination with 

reduced photosynthetic and growth demand for carbon (Cooper & DeNero 1989; Abal et al. 

1994; Grice et al. 1996).  

 

Conversely, culturing seedlings at the highest irradiance, 100%, also resulted in poor 

seedling growth. Photo-physiological investigations of seedlings cultured at the optimal 

irradiance level, 70% Es, and sub-optimal, 100% Es, did not reveal any significant 

differences in Fv/Fm, suggesting that seedlings were not any more physiologically stressed 

by an increase in irradiance.  However, it was apparent at the higher irradiance growth 

became limited by factors other than light towards the end of the seven month experimental 

period. There was evidence to suggest that seedlings may have been experiencing C-

limitation at the highest level of irradiance since seedlings showed less negative δ C 13 

values thus less discrimination against uptake of C13. However, increasing water flow and 

presumably supply of carbon to the leaf surface (Chapter 5) did not result in an increase in 

photosynthesis or growth as expected (Fonseca & Kenworthy 1987; Koch 1994; Enriquez 

& Rodriques-Roman 2006; Perelta et al. 2006). 
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Inorganic and organic nutrient supplements 

Seedlings cultured at the highest irradiance (100% Es) were more likely experiencing N-

limitation towards the end of the experimental period (seven months). Leaf N concentration 

at the end of the experimental period (seven months) showed that leaves at 100% Es had 

only 1.5% N dry wt. compared to 1.8 % N dry wt. at 70% Es and 2.2% N dry wt. under 

reduced light conditions (30, 50% Es). Seagrasses are likely to be N-limited when leaf 

tissue N concentrations are below the median levels reported for seagrasses globally 

(<1.8% N dry wt. Duarte 1990). Yet, addition of inorganic N (Chapter 3) did not cause an 

increase in seedling growth. However, seedlings in this nutrient trial were only grown in 

culture for the first four months after germination, and there was evidence to suggest that 

seed reserves were supporting the seedlings nutrient demands for the duration of this 

experiment. In a previous study on P. australis seedlings growing in the field, Hocking et al 

(1981) showed that seed reserves were mostly exhausted after seven months.  After seven 

months, seed reserves and sediment nutrient pools within the small pots used in this study 

are thus likely to have been mostly depleted by the end of the trial, suggesting that an 

addition of nutrients to the sediment may be required for longer term growth of seedlings at 

100% Es. Nutrient supplements may also be required for seedlings cultured at 70% Es since 

growth rates were highest at this level and so nutrient pools in the seed and sediments 

would also eventually be depleted. However, a nutrient source other than inorganic 

commercial fertilizer is preferable since algal growth was significantly enhanced when 

added to the culture system (Chapter 3). 

 

Seagrass detritus added to the sediment was a more suitable nutrient source than 

commercial inorganic N and P fertilizers for several reasons. Firstly, seagrass detritus 
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stimulated leaf growth, in terms of biomass and area, without stimulating algal growth. 

Adding inorganic N and P to the sediment significantly stimulated algal growth. In an effort 

to reduce the amount of algal growth, shading was introduced to reduce light to 20% Es. As 

a result, the expected positive influence of inorganic nutrient addition on leaf growth (Orth 

1977; Udy & Dennison 1997; Peralta et al. 2003) was confounded by reduced light 

availability. While other studies have successfully added N and P commercial fertilizers 

under high light conditions in tank culture systems, and had positive leaf growth responses 

(Peralta et al. 2003; Tanner & Parham 2010) these culture systems were either closed re-

circulating or low exchange, filtered systems where algal spore numbers could be 

controlled more easily. In this study, plants were grown in an open culture, high volume 

through-flow system where filtration only removed fine particulates, but not algal spores. 

Secondly, root length and root architecture in seedlings also responded positively to the 

addition of seagrass detritus to sediment. Seedlings had greater total root length, length of 

fine lateral roots and initiated a greater number of fine lateral root branches when grown in 

sediments containing seagrass detritus. In contrast, adding inorganic nutrients effectively 

reduced the development of the seedling root system. Adding inorganic nutrients can 

reduce a plants need for root foraging, as well as direct biomass allocation away from roots 

(Hemminga & Duarte 2000; Lee & Dunton 2000; Peralta et al. 2003) since below-ground 

resources are no longer limiting. Finally, seagrass detritus represents a low cost and readily 

available resource that can promote P. australis seedling growth and has potential 

economic importance when considering broad-scale restoration programs where large 

numbers of high quality planting units are required at minimal expense. Indeed, avoiding 

additions of inorganic commercial fertilizers to sediments under tank conditions reduces the 

time and effort required to clean tanks and seedlings of algal growth as well as limiting the 
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adverse impacts of algal growth on seedlings and lead to production of robust, healthy 

seedlings.  

 

Sediment characteristics 

Selection of appropriate sediment characteristics was also important for enhanced and 

continued seedling growth. This study examined three types of sediment that could be 

readily accessed or purchased in quantity for large scale culture, rather than naturally 

occurring marine sediment from seagrass habitats. Species of Posidonia grow naturally on 

a range of sediment types, ranging from mostly grains of calcium carbonate to mostly 

silica, differing in particle sizes from the finest clay and silt to large shell fragments. In 

some cases, there is a wide range of grain sizes (“unsorted sediments”) but some sediments, 

particularly those consisting of silica, tend to have a small range of grain sizes, termed 

“well-sorted”.  Seagrass detritus only had a positive effect on growth when added to 

unsorted calcium carbonate and unsorted silicate sediments, but not when added to well-

sorted silicate sediments. This difference in growth response appeared to be related to the 

greater proportion of finer particles, such as silt, in unsorted sediments. Similarly, Z. 

marina growth was greatest in sediments containing more silt than sandy sediments 

(Kenworthy & Fonseca 1977; Tanner & Parham 2010). Seedlings produced longer and 

finer roots in unsorted sediments compared to well-sorted sandy sediment. Sediment 

textural properties have also been found to influence root development of seedlings of other 

aquatic plants (Kar & Ghildyal 1975; Handley & Davy 2002). Fine-textured particles 

typically ‘lubricate’ root growth through sediment whereas sediments predominantly made 

up of coarser sand grains can produce an interlocking matrix, impeding root growth (Kar & 

Ghildyal 1975), restricting access to sediment-based resources. 
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Water flow 

In each experimental chapter (Chapter 2, 3 and 4), seedlings were cultured under low water 

flow consisting simply of the water exchange through the culture system (15 l min-1) at a 

flow velocity of 1 cm s-1. In Chapter 5, this was identified to be the most suitable water 

flow regime for culturing seedlings over long-term, suggesting that water flow conditions 

were not limiting seedling growth in earlier experiments. Increasing water velocity in tank 

culture did not increase photosynthesis and thus did not improve seedling growth, as would 

have been expected from earlier studies (Fonseca & Kenworthy 1987; Koch 1994; Enriquez 

& Rodriques-Roman 2006; Perelta et al. 2006). However, flow velocities lower than 1 cm 

s-1 and between 1 – 8 cm s-1 have yet to be tested and could prove beneficial. The least 

suitable flow regime proved to be an intermediate water velocity (8 cm s-1). These seedlings 

showed poor survival and reduced biomass, leaf area and photosynthesis which appeared to 

be related to the high algal epiphyte cover consistently present on leaf surfaces. The effect 

of increased algal epiphyte abundance on adult P. australis leaves has previously been 

reported and resulted in decreased leaf production and reduced photosynthetic activity 

(Silberstein et al. 1986).  

 

While seedling biomass was not different between seedlings cultured at the lowest (1 cm s-

1) and highest (15 cm s-1) water velocities, increasing the water velocity beyond simple 

water exchange significantly reduced the development of roots and caused brown 

coloration of roots. Under conditions of increased water flows, it might be expected that 

plants would increase the size of their root system to improve anchorage and counteract the 

effect of increased drag. An explanation for the negative effects on root growth with 

increase in water velocity could be that the overlying water penetrates further into the 
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sediment, in some way changing the sediment chemistry or disrupting the seedling 

rhizosphere, thus affecting root growth. This was demonstrated in an extreme case where Z. 

marina seedlings were cultured hydroponically and displayed a significant decrease in the 

size of the root system (Biber 2006). Biber (2006) suggested that reduced root growth of Z. 

marina seedlings in contact with water was related to the lack of cues to stimulate root 

growth, with roots eventually becoming necrotic. Similarly, root systems of P. australis 

seedlings became necrotic when in contact with the water column (Appendix IV) or when 

cultured in rooting media that allows infiltration of water to the root system (Appendix I).   

 

Seed reserves and seedling growth 

Previously, little was known about growth requirements of P. australis from seed or how 

seedlings interact with seed reserves in responding to environmental conditions. Since 

seedlings have small leaf and root systems for acquiring resources (Duarte & Sand-Jensen 

1996; Kaldy & Dunton 1999) and lack extensive underground rhizomes with storage tissue, 

they could potentially be more vulnerable than adult plants to stressful environmental 

conditions. This study showed the opposite to be true, at least in the first few months of 

seedling growth. The large seeds of Posidonia contain substantial reserves of starch and 

mineral nutrients (Hocking et al. 1980; Hocking et al. 1981), which supplied much of the 

carbon and nutrients to the developing seedling for the first months of establishment, 

buffering the plant against unfavourable conditions, for example, when cultured in low 

quality sediments (Chapter 2) or under conditions of reduced light availability (Chapter 3 

and 4). In this study, seedling growth appeared to uncouple from seed reserves between 3-5 

months after germination since this was the timeframe for seedlings to show a marked 

change in growth in response to environmental conditions (Chapters 2, 3 and 4).  
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An interesting outcome of this study is that seedlings cultured under optimal conditions 

retained more starch reserves within the seed than seedlings grown under sub-optimal 

conditions (Chapter 2 and 4). This indicates that under optimal conditions growth was 

uncoupled from seed reserves earlier and was subsidized by autotrophic production 

indicating that the proportion of seed starch retained within the seed in the early stages of 

seedling development could be used as a surrogate for identifying optimal growing 

conditions. 

 

Seed dependency has both a positive and negative outcome for seed-based restoration of P. 

australis. In terms of a positive outcome, their capacity to draw upon a large reserve of 

nutrients and starch over a lengthy period means that seedlings can survive and grow under 

sub-optimal conditions during the first months of growth. For restoration, the substantial 

seed reserves could enable the seedlings to survive for extended periods (weeks to months), 

for example, a reduction in light availability. Conversely, the ability to significantly 

enhance their growth during this time is limited, at least for the experimental treatments 

applied in this thesis. However, if larger seedlings are required within the early stages of 

development, a solution would be to collect and choose only the largest seeds. Large-

seeded seedlings contain proportionately more starch resulting in significantly larger 

seedlings with faster growth (Appendix II). In fact, seeds that were over 20 mm in length 

produced a second shoot within six months after germination, whereas production of a 

second shoot for seeds 12-16 mm in length required at least 12-15 months. However, large 

seeds are rare; of 12 000 seeds collected and sorted through over two years, less than 1% of 

these seeds were greater than 20 mm in length, although this may also be related to a single 

collection location. Different locations or populations of P. australis may produce different 
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sized seeds, and this may be dependent on growing conditions, location history or 

population fitness.  

Extending the timeline of seed availability 

By growing P. australis from seed in land-based aquaculture facilities, the timeline of seed 

availability was successfully extended, providing a year-round source of planting units. 

Seedling availability was successfully extended from only a few weeks after seed release to 

at least seven months with no mortality under experimental conditions, and seedlings were 

cultured with high survival for 18 months and with some individuals surviving up to 3 

years. The ability to maintain P. australis seedlings in culture over the winter period is an 

important breakthrough for the restoration of this species (and possibly other seagrass 

species that produce abundant seed where there is no dormancy in seed germination) for 

several reasons. Firstly, winter storms have been a primary cause of mortality of seedlings 

(Kirkman 1998; Appendix I). Secondly, without significant rhizome storage reserves, 

which are important for sustaining seagrasses over winter months (Dawes & Lawrence 

1980), transplanted seedlings will have a lower capacity to survive. Consequently, 

transplanting seedlings in spring, about 9-10 months after seeds were shed, may be the 

most suitable planting time as field conditions would be comparatively calmer, day lengths 

would be longer and light availability higher. Thirdly, transplanting seedlings in spring 

would also extend the growing season to at least 9-10 months, compared to less than 5 

months for seedlings transplanted soon after seed-release. Finally, transplanting seedlings 

in spring would also mean that seedlings would have long-term growth in tank culture, 

increasing their size prior to planting. Larger planting units typically have greater 

establishment success (van Keulen et al. 2003; Appendix I).  
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Preliminary field planting trials 

Several preliminary field trials were carried out in conjunction with the culture experiments 

that form the main body of work for this thesis. These field trials (Appendix I) investigated 

strategies to improve P. australis seedling establishment rates reported in earlier work 

(Kirkman 1998; Meehan & West 2000). These trials found that planting seedlings directly 

into the field was not successful, yielding a similar outcome to earlier attempts (Kirkman 

1998). In contrast, growing seedlings in culture for 3-4 months, until they were a larger size 

improved seedling establishment after their transfer to the field (Appendix I). However, 

field-planting techniques remain an area of research requiring further attention. The greatest 

success was achieved when tank cultured seedlings were planted into sand-filled, 

biodegradable hessian bags. These formed a protective barrier around the seeds, preventing 

seed predation and erosion of the sand around the seedling but without restricting seedling 

development. In addition to this, sand-filled hessian bags formed a stable sedimentary 

environment for seedlings allowing greater time for root anchorage while also enhancing a 

degree of sediment accretion. However, the hessian was not durable in ocean sites, lasting 

only 6-9 months, and seedlings were dislodged after the material degraded (Appendix I). 

There have been several earlier studies reported in the literature to develop methods for 

using seed-based propagules for restoration of seagrasses. Culturing seedlings in land-based 

aquaculture facilities for use in restoration programs has recently been demonstrated to 

have greater success than transplanted adult shoots (e.g. Z. marina Tanner et al. 2010). Bull 

et al. (2004) germinated Phyllospadix torreyi in tanks and transferred them to the field; 

Similarly, Tanner and Parham (2010) grew Z. marina seedlings in tanks that were later 
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transferred to the field (Tanner et al. 2010);  Balestri & Bertini (2003) treated Posidonia 

oceanica seedlings with plant growth regulators; Harwell & Orth (1999) anchored seeds of 

Zostera marina in burlap bags; Irving et al. (2010) facilitated natural recruitment of 

Amphibolis sp. as well as transferring Posidonia angustifolia to the field and planting into 

sand-filled hessian bags after being cultured in tanks; and Kirkman (1998) planted 

Posidonia australis seedlings in different containers and potting media. However, other 

than the single published study by Kirkman (1998), there have been no other published 

studies that have investigated the establishment of P. australis meadows from seed.  

 

Conclusion 

This study is the first to demonstrate that Posidonia australis seedlings can be grown 

successfully in culture systems for extended periods. By selecting appropriate conditions 

for growing P. australis seedlings in culture, larger more vigorous seedlings can be 

produced with high survivorship. Therefore it is clear that large-scale production of P. 

australis seedlings is possible and is a serious option for future use as a planting unit for 

restoration of Posidonia australis seagrasses. 
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Appendices 

 

Appendix I 

Developing techniques to improve the establishment success of Posidonia 

australis Hook f. seedlings: implications for restoration 

 

Aims 

The main aim of this study was to develop an effective planting strategy to improve 

seedling establishment rates reported by others (Kirkman 1998; Meehan & West 2000). 

Three consecutive trials were carried out over three years: an investigation into the effect of 

planting newly dehisced seedlings either anchored in sand-filled biodegradable Hessian 

bags, jute rafts, or steel lattice or protected by an enclosed nursery; enhancing the survival 

and growth of seedlings under tank conditions, with the underlying aim of transferring 

larger seedlings to the field and when conditions were more suitable, and; transferring tank 

grown seedlings to the field where the effect of planting into either sand-filled 

biodegradable Hessian bags or directly into bare sediments was tested.  
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Methods 

Seedling collection 

Collection of Posidonia australis seedlings took place in the first two weeks of Austral 

summer (December). Newly dehisced seedlings were collected as onshore drift from 

locations between City Beach and Watermans Bay in Perth, Western Australia.  Seedlings 

were transported to Watermans Bay Marine Research Facility (31o 51’ 08.29” S, 115o 45’ 

05.73” E) where they were kept in holding tanks for one week. Holding tanks (rectangular 

1600 x 600 x 600mm) were gravity fed sand-filtered flow-through seawater at a rate of 5 l 

min-1. One-week old seedlings with an intact primary root and shoot and no visible seed 

damage were selected for the experiments. 

 

Field planting – newly dehisced seedlings 

Initial field planting trials using newly dehisced seedlings were undertaken in Cockburn 

Sound, WA in bare sediments. Four transplant methods were tested, including sand-filled 

biodegradable Hessian bags, jute rafts, steel lattice, and an enclosed nursery. Biodegradable 

Hessian bags were filled with beach sediment extracted from a location adjacent to the 

study site, and sealed using metal cleats (Fig. 1a). Sand-filled hessian bags were then 

soaked in seawater to consolidate the sediment and release trapped air bubbles prior to 

sowing. Eight slits, 10 cm apart were made on the broadest face on one side of each grow 

bag enabling seedlings to be sown into the hessian bag sediment. Hessian bags were placed 

on the sea-floor in three transects (1 m apart) consisting of ten hessian bags with each 

spaced at 0.5 m apart. A total of 240 newly dehisced seedlings were sown into the hessian 

bags.   
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Jute rafts were constructed from 1 m2 jute material (tightly woven biodegradable organic 

matting) pressed between two 1 m2 steel lattices. Within each square of the steel lattice 

matrix one seedling was embedded into a slit made in the jute material (Fig. 1b). A total of 

one-hundred seedlings were sown into each of three replicate jute rafts.  

Steel lattices (1 m2) were used to anchor one-hundred seedlings to the sea-floor. Individual 

seedlings were tied to lattice cross-sections using Parafilm® (Fig. 1c). Three replicate steel 

lattices were used, and the weight of the steel lattice was sufficient to remain anchored to 

the sea-floor. 

 

The nursery enclosure was constructed of shade mesh material (50% grade) supported by 

four star-picket corner posts with wire tensioning, encompassing a 2 m2 area of unvegetated 

sediment (Fig. 1d). Five-hundred seedlings were planted into the nursery enclosure in open 

trays containing sediment extracted from within the nursery enclosure. In addition, one-

hundred naturally recruited seedlings were also tagged. Measures of presence/absence were 

taken every three months. 

 

 

Figure 1: Newly dehisced seedlings anchored in sand-filled hessian bags (a), jute rafts (b), 
steel lattice (c), and protected by a nursery enclosure (d). 

 

 

 

a c b d 
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Tank culture – newly dehisced seedlings 

Seedlings were grown in tanks at the Watermans Bay marine research facility, Watermans 

Bay, Western Australia. Four 300 l rectangular fiberglass tanks maintained under ambient 

light and temperature were gravity fed flow-through sand-filtered seawater at a rate of 9.6 l 

min-1. Newly dehisced seedlings were planted in two substratum types; (i) sediment 

(collected from Watermans Bay beach) contained in Peat pots (Organic material 

constructed into square pots, 5 x 5 x 5 cm), and inert Rockwool® blocks (5 x 5 x 5 cm).  

 

One-hundred and sixty seedlings were sown into Peat pots, replicated in two tanks, and 140 

seedlings were sown into Rockwool®, replicated in two tanks. Seedling presence/absence 

was assessed at two, four, six and eight months after sowing. Tanks and seedlings were 

cleaned of epiphytic algae twice weekly and sediments were monitored monthly based on 

an initial visual inspection for the presence/absence of black colouration (FeS), followed by 

a smell test for a pungent odour (H2S), indicating the presence of sulphate reducing 

bacteria. 

 

At four months, growth was compared between tank grown and naturally recruited 

seedlings harvested from Cockburn Sound. Only tank grown seedlings cultured in 

Rockwool® were used in the comparison due to their greater survivorship at this time. A 

one-way ANOVA (ANOVA, SPSS 11.0) was performed to test for significant differences 

in growth (α = 0.05).  

It was noted that after four months seedling roots within Rockwool® were brown and 

appeared necrotic while the roots of seedlings grown in sediment (naturally recruited 

seedlings and seedlings grown in peat pot containing sediment) did not have this feature. A 
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sub-sample of five Rockwool® grown seedlings (with Rockwool® still attached) were 

placed on a tray containing sediment and root growth was observed again after three weeks. 

 

Field planting – tank cultured seedlings 

The following year seedlings were grown in tanks under the same conditions and in the 

same two substratum types; Peat pots containing sediment and Rockwool® (see section 

2.2.3). Two-hundred and forty newly dehisced seedlings were sown into peat pots and 

replicated in two tanks, and 240 seedlings were sown into Rockwool® and replicated in 

two tanks. However, after growing in tanks for three and four months seedlings were 

transferred to ocean sites. At three months, eighty seedlings grown in peat pots and 

Rockwool® were transferred into sand-filled biodegradable hessian bags at ocean sites 

(Fig. 2), and eighty seedlings grown in peat pots and Rockwool® were transferred directly 

into bare sediments. This was also replicated for seedlings grown in tanks over four 

months. When peat pot seedlings were transferred to ocean sites, seedlings were removed 

from the Peat pots because of the high sulfide production present in Peat pot sediments and 

the inability for seedling roots to penetrate outside of the peat pot. In contrast, roots were 

entangled in the Rockwool® fibres which made it difficult to remove the Rockwool® 

without damaging the roots, therefore seedlings were planted with the Rockwool® intact.   

At six months after germination a sub-sample of ten seedlings was harvested from each 

substratum treatment that had been transferred after three and four months into hessian 

bags. Growth was then compared with six month old naturally recruited seedlings harvested 

from within the study site.  
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Hessian bags were also visually inspected at three, six and nine months after deployment to 

identify the length of time the hessian bags remain intact as well as the interaction between 

the hessian bags and the environment. 

 

 

Figure 2: Tank cultured seedlings planted into a sand-filled biodegradable Hessian bag. 
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Results 

Field planting – newly dehisced seedlings  

Planting newly dehisced seedlings in situ into grow-bags, jute rafts, steel lattice, and an 

enclosed nursery resulted in 100% loss of seedlings within six months. The majority 

(>70%) of planted newly dehisced seedlings and tagged naturally recruited seedlings were 

lost within the first three months after planting (Table 1). Major causes of seedling loss 

were attributed to dislodgment and burial. 

 

Table 1: Percent (%) survival of newly dehisced Posidonia australis seedlings measured at 
three and six months after planting with anchorage or protective devices in Cockburn 
Sound.  

Treatment n 3 months 6 months 

Grow-bag 240 21 0 
Jute Raft 

Steel Lattice 

300 
300 

30 
24 

0 
0 

Nursery enclosure 

Natural Recruits 

500 
100 

10 
20 

0 
0 

 

 

Tank culture – newly dehisced seedlings  

Seedlings grown in tanks survived for up to eight months after germination (Table 2). 

Rockwool® seedlings showed greater survival than peat pot seedlings for the first six 

months, but by eight months the difference in mean survival was minimal with 5.5 and 

8.8% survivorship for peat pot and Rockwool® grown seedlings, respectively. Seedlings 

grown in peat pots showed a greater loss within the first two months but by four months 

survival remained nearly constant. High sulfide production was evident in the peat pot 

sediments based on the presence of black colouration (FeS) and a pungent odour (H2S), 

indicating the presence of sulphate reducing bacteria. Rockwool® grown seedlings showed 
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a steady decline over the eight months. High epiphyte loads were prevalent in Rockwool® 

grown seedlings.   

 

Table 2: Percent (%) survival of tank grown Posidonia australis seedlings measured at two, 
four, six and eight months after germination. Seedlings were grown in two substratum 
types; (i) sediment contained in Peat pots, and inert Rockwool®, replicated in two tanks (A 
and B). 

Treatment n 2 months 4 months 6 months 8 months 

Peat pots (A) 

Peat pots (B) 

160 
160 

35.5 
23.7 

9.4 
9 

7.7 
6.8 

6.8 
4.2 

Rockwool® (A) 

Rockwool® (B) 

140 
140 

61.4 
65.7 

31.4 
32.8 

18.6 
24.3 

11.8 
5.7 

 

Growth of naturally recruited seedlings from Cockburn Sound was significantly greater 

than seedlings grown in tank culture after four months. Leaves of naturally recruited 

seedlings were 40% larger (Fig. 3) than Rockwool® seedlings (F1, 18 = 15.04 p < 0.001). 

While there was no significant difference in root mass between naturally recruited and tank 

grown seedlings (F1, 18 = 0.69, p > 0.05) there was a significant difference in the length of 

the longest primary root (F1, 18 = 12.32, p < 0.001). Primary root length for naturally 

recruited seedlings was 40% longer than tank cultured seedlings (Fig. 4). When seedlings 

growing in Rockwool® for four months were placed in a tray containing sediment, an 

increase in root growth was observed (Fig. 5a). Roots penetrating into the sediment 

appeared healthier compared to roots inside the Rockwool® (Fig. 5b) and root hair 

development was also observed when roots were in contact with sediment (Fig. 6).  
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Figure 3: Leaf mass (mg dry wt.) of naturally recruited seedlings versus tank cultured 
seedlings after three months growth. 
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Figure 4: Primary root length (cm) of naturally recruited seedlings versus tank cultured 
seedlings after three months growth. 
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Figure 5: Root development of Posidonia australis seedlings cultured in Rockwool® media 
(a) without (left) and with (right) sediment, and (b) necrotic roots inside the Rockwool® 
media. 
 

 

Figure 6: Posidonia australis (a) seed and roots with attached sand grains, (b) insert 
showing individual root with attached sand grains, and (c) presence of root hairs after sand 
is removed. 
 

Field planting – tank cultured seedlings 

Seedlings planted into sand-filled Hessian bags after they were grown in tanks for three 

months resulted in a mean seedling survival of 22% after eight months in the field while 

seedlings out-planted after four months in tank culture had 31.5% survival after seven 

months in the field (Table 3). Each hessian bag contained at least one seedling by the end of 

the experimental period. Seedlings planted directly into bare sediment after they were 

grown in tanks for three months were not present after three months in the field and 

a b c 

a b 
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seedlings grown in tanks for four months were not present after two months (Table 3). 

Naturally recruited seedlings persisted in the trial area for up to nine months (Table 3).  

 

Table 3: Percent (%) survival of tank grown Posidonia australis seedlings planted into 
either hessian bags or directly into bare sediments in Cockburn Sound, W.A.  Seedlings 
were grown in tanks until either the end of February (3 months) or end of March (4 months) 
and in either Peat Pots containing sediment, or inert Rockwool®. Survivorship was 
measured at the beginning of June (on-set of austral winter), August (end of austral winter) 
and November (on-set of austral summer).  

Substrate Treatment n June ‘06 August ‘06 November ‘06 

Hessian bag Peat Pots (3) 80 62 45 21 
 Peat Pots (4) 80 79 47 29 
 Rockwool® (3) 80 52 46 23 
 Rockwool® (4) 80 64 54 34 
      
Bare sediment Peat Pots (3) 80 30 0 0 
 Peat Pots (4) 80 12 0 0 
 Rockwool® (3) 80 15 0 0 
 Rockwool® (4) 80 14 0 0 
 Natural Recruits 100 42 14 0 

 

 

Tank grown seedlings planted into hessian bags had greater growth than naturally recruited 

seedlings but this was dependent on the substratum treatment used to grow seedlings in 

tanks and time in culture. The number of leaves produced by peat pot seedlings planted 

after three months (11.3 ± 0.33) was significantly greater than naturally recruited seedlings 

(9.4 ± 0.24), peat pot seedlings planted after four months (9.8 ± 0.22), and Rockwool® 

seedlings planted after three (8.4 ± 0.18) and four (7.2 ± 0.15) months (F4, 40 = 51.33, p < 

0.001). The number of leaves produced by peat pot seedlings planted after four months was 

similar to naturally recruited seedlings but was significantly more than Rockwool® 

seedlings planted after three and four months, while Rockwool® seedlings planted after 

three months produced significantly more leaves than Rockwool® seedlings planted after 

four months (Fig. 7).  In addition, 10% of surviving peat pot seedlings planted after three 
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months produced a second shoot nine months later whereas this did not occur in other 

treatments. The surface area of living leaves attached to seedlings after six months was 

significantly greater for peat pot seedlings planted after three months compared to naturally 

recruited seedlings, peat pot seedlings planted after four months, and Rockwool® seedlings 

planted after three and four months (F4, 40 = 7.11, p < 0.001). The leaf surface area of peat 

pot seedlings planted after three months was also 35% greater than that of naturally 

recruited seedlings and seedlings from other tank treatments (Fig. 8). Seedling root mass 

was 40% greater for peat pot seedlings planted after three months (Fig. 9) compared to 

naturally recruited seedlings, peat pot seedlings planted after four months, and Rockwool® 

seedlings planted after three and four months (F4, 40 = 14.90, p < 0.001). 

 

 

 

 

 

 

 



 

Figure 7: Number of leaves produced for seedlings cultured in tanks, planted in
containing sediment for three (S3) and four (S4) months
and four (R4) months prior to transfer to the ocean site. Tagged naturally recruited 
seedlings (NR). 

Figure 8: Leaf surface area (cm
containing sediment for three (S3) and four (S4) months
and four (R4) months prior to transfer to the ocean site. Tagged naturally recruited 
seedlings (NR). 
 

Figure 7: Number of leaves produced for seedlings cultured in tanks, planted in
containing sediment for three (S3) and four (S4) months, and in Rockwool

four (R4) months prior to transfer to the ocean site. Tagged naturally recruited 

Figure 8: Leaf surface area (cm2) of seedlings cultured in tanks, planted in
containing sediment for three (S3) and four (S4) months, and in Rockwool
and four (R4) months prior to transfer to the ocean site. Tagged naturally recruited 
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Figure 7: Number of leaves produced for seedlings cultured in tanks, planted in Peat pots 
and in Rockwool® for three (R3) 

four (R4) months prior to transfer to the ocean site. Tagged naturally recruited 

 
) of seedlings cultured in tanks, planted in Peat pots 

and in Rockwool® for three (R3) 
and four (R4) months prior to transfer to the ocean site. Tagged naturally recruited 
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Figure 9: Root biomass (mg dry wt.) of seedlings cultured in tanks, planted in
containing sediment for three (S3) and four (S4) months
and four (R4) months prior to transfer to the ocean site. Tagged naturally recruited 
seedlings (NR). 
 
 

A visual assessment of the hessian bags showed that there was no preferential erosion of 

sediment from the leading edges. In fact, after six months it was difficult to distinguis

between the edges of the hessian bags and the seafloor (Fig. 10a, 

months hessian bags were completely degraded (Fig. 

seedlings were exposed to the water column (Fig. 10

 

Root biomass (mg dry wt.) of seedlings cultured in tanks, planted in Peat pots 
(S3) and four (S4) months, and in Rockwool® for three (R3) 

and four (R4) months prior to transfer to the ocean site. Tagged naturally recruited 

bags showed that there was no preferential erosion of 

ent from the leading edges. In fact, after six months it was difficult to distinguis

between the edges of the hessian bags and the seafloor (Fig. 10a, b). However, by nine 

bags were completely degraded (Fig. 10c), and in some cases roots 

osed to the water column (Fig. 10d). 
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Figure 10: Hessian bags after three months in Cockburn Sound with sediment accumulating 
around edges (a). Hessian bag at six months with only a slight elevation above the 
surrounding sediment, indicating sediment accretion (b). Hessian bag at nine months 
completely degraded with fibrous strands surrounding surviving seedlings (c), and again at 
nine months with roots of some seedlings uncovered and exposed to the water column (d). 
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Discussion 

Posidonia australis seedlings have potential as a planting unit for restoration of lost 

seagrass meadows in Cockburn Sound. Higher survival was achieved when newly dehisced 

seedlings were initially grown in tanks to attain a larger planting unit then planted into 

hessian bags filled with sediment rather than bare sediments. This planting strategy enabled 

up to 34% of seedlings to persist over the winter period and well into the next growing 

season. However, if each sand-filled hessian bag was considered a planting unit, then this 

strategy would be 100% effective since at least one seedling survived in each hessian bag. 

Similarly, burlap bags, another biodegradable weaved bag, had a significant positive effect 

on the survival of Zostera marina seedlings with 41-56% survival compared to 5-15% 

without bag protection (Harwell & Orth 1999). Burlap bags formed a protective barrier 

around the seeds, preventing lateral transport and seed predation, but without restricting 

seedling development. In addition to this, sand-filled hessian bags form a stable 

sedimentary environment for seedlings allowing greater time for root anchorage while also 

enhancing a degree of sediment accretion (Fig. 10a, b). It also appears the mesh weave of 

the hessian bag material facilitates a natural interaction between internal sediments and the 

surrounding porewater which may improve the chance of successful integration into the 

planting site. However, one problem with planting seedlings into hessian bags is that the 

longevity of the hessian material is short, lasting between 6-9 months in ocean sites (Fig. 

10c, d), impacting long-term survival.   

 

Planting newly dehisced seedlings directly into ocean sites was not successful. While the 

anchorage and protective devices used in this study were more robust than those used in a 

previous study with seedlings of the same species (Kirkman 1998), they still appeared to be 
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insufficient to hold newly dehisced seedlings in place long enough to facilitate effective 

root anchorage. Observations made during the experiment confirmed that physical removal 

and burial were the main reasons for establishment failure of newly dehisced seedlings. 

During summer, prevailing southwesterly winds and periodic storms from the northwest 

produce strong wind-driven currents in Cockburn Sound (Steedman & Craig 1983). Most 

seedlings (> 70%), including naturally recruited seedlings, were lost during this period, and 

remaining seedlings did not survive the winter storms. Study sites in Cockburn Sound 

appeared to be shallow enough (1.5 - 2.5m) to be affected by the water and sediment 

movement created by these winds. Molenaar & Meinesz (1992) reported storms could rip 

away rhizome material from established Posidonia oceanica meadows even at a depth 

greater than ten meters.  

 

The type of substratum used to grow seedling in tank culture influenced the growth of 

seedlings when transferred to the field. (Durako & Moffler 1984) found that commercial 

rooting media used to grow Thalassia testudinum seedlings in aquaria also influenced 

growth, where artificial substrates produced larger seedlings. In contrast, natural sediment 

was the most suitable substratum type for growth and root development in this study. 

Seedlings grown in artificial Rockwool® were smaller and roots appeared necrotic and less 

developed (Fig. 5) and this appeared to be related to a greater infiltration of overlying water 

into the Rockwool® media. Seawater also appears to have a detrimental effect on P. 

australis root development (Appendix IV). Similar effects have also been shown in Zostera 

marina seedlings grown in seawater, where root growth was noticeably poorer compared to 

seedlings rooted in sediment (Biber 2006). Biber (2006) suggested that this may be related 

to the lack of cues in water to promote root growth. Posidonia seagrasses naturally inhabit 
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sandy or muddy substrates (Carruthers et al. 2007; Cambridge & Kendrick 2009), and 

changes in growth and root morphology have been noted in different sediment types (see 

Chapter 2). 

 

Initially, newly dehisced seedlings grew well in tanks and conditioning seedlings in tanks 

before transplanting is an option. Extended periods, greater than four months, had an 

adverse effect on survival of seedlings causing lower leaf mass and length of primary roots 

in tank grown versus naturally recruited seedlings harvested from Cockburn Sound. This 

appeared related to high sediment sulfide production (c.f. Kilminster et al. 2008), and light 

reduction from epiphytic smothering (c.f. Silberstein et al. 1986). Durako and Moffler 

(1984) suggested that restricted root growth of Thalassia testudinum seedlings grown in 

shallow trays caused lower leaf growth which could be another possible explanation for 

lower above-ground growth of P. australis seedlings in pots.  
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Appendix II  

Comparing growth of Posidonia australis Hook. f. seedlings with different 

seed sizes 
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Figure 1: Comparison of (a) whole seedling, (b) root, (c) leaf, and (d) rhizome biomass of 
P. australis seedlings with different seed sizes; small (<10 mm), medium (10-18 mm) and 
large (>18 mm) grown in tank culture and measured at 1, 3, and 5 months after seed 
release. Symbols represent means ± SE (n = 10). 
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Figure 2: Posidonia australis seedlings with different seed sizes; small (<10 mm), medium 
(10-18 mm) and large (>18 mm) after one month growth in tank culture. 
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Appendix III  

Comparing growth of Posidonia australis Hook. f. seedlings in tank 

culture and field grown seedlings 
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Figure 1: Growth comparison between Posidonia australis seedlings grown in tank culture 
and in the field either as naturally recruited seedlings or seedlings planted into sand-filled 
biodegradable Hessian bags soon after seed release. (a) whole seedling, (b) leaf, and (c) 
root biomass at 1, 2 and 4 months growth. 
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Figure 2: Total root length (mm) of 
naturally recruited, and (c) field planted seedlings and lateral root length (mm) of (d) tank 
cultured, (e) naturally recruited, and (f) field planted seedlings after four months growth.
 

 

 

 

 

 

 

 

 

 

 

Figure 2: Total root length (mm) of Posidonia australis seedlings (a) tank cultured, (b) 
naturally recruited, and (c) field planted seedlings and lateral root length (mm) of (d) tank 
cultured, (e) naturally recruited, and (f) field planted seedlings after four months growth.
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cultured, (e) naturally recruited, and (f) field planted seedlings after four months growth. 
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Appendix IV 

Culturing Posidonia australis Hook. f. seedlings in agar and in seawater 

 

 

Figure 1: Posidonia australis seedlings cultured in agar (left: 7 seedlings) and in seawater 
(right: 6 seedlings) for two months. Note the larger, white roots of seedlings cultured in 
agar medium. Seedlings cultured in agar produced up to 8 roots compared to less than four 
in seedlings cultured in seawater. 
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Figure 2: Healthy roots of a Posidonia australis seedling growing in agar medium after one 
month 
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