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Abstract 

 

 

This thesis examines the seed ecology of the coastal dune grass, Ammophila arenaria 

(L.) Link (marram grass) in a densely vegetated foredune (Type-1, after Hesp, 2002) in 

southern New Zealand. A. arenaria is widely recognised as a threat to the biological 

and landform diversity of temperate dune systems around the world, yet the 

characteristics of seed production, seed dispersal, and seed storage on A. arenaria-

dominated foredunes is not fully understood. An understanding of these processes will 

assist greatly in the future management and eradication of this highly invasive species. 

Through a series of empirical field-based investigations at Mason Bay, Stewart Island 

and Oreti Beach, Southland, this thesis examines: (i) the relationship between seed 

production and the foredune landscape; (ii) the primary and secondary dispersal of A. 

arenaria seed and the influence of the vegetation canopy on dispersal in the foredune; 

(iii) the effect of the foredune vegetation canopy on A. arenaria seed germination and 

seedling survival; and (iv) the relative density of the A. arenaria seed bank in relation 

to spatial seed distribution and burial depths within the foredune and deflation zone. 

The implications of these findings in relation to the eradication of A. arenaria at Mason 

Bay, Stewart Island are discussed.  

 

The size and variability of A. arenaria seed production on the Mason Bay foredune, 

was examined by surveying four transects using a stratified random sampling 

procedure. Flowering density was significantly higher on the stoss face, probably due to 

the provision of nutrients through salt spray, sea foam, and organic material. The 

primary and secondary dispersal of A. arenaria seed on the foredune was studied 

through a ground surface survey and seed trapping experiment at Mason Bay, and a 

release and tracking investigation at Oreti Beach. Primary dispersal predominantly 

occurred across short distances (20–30 m) under moderate to high wind speeds, and 

secondary dispersal was limited to a few centimetres due to the dense vegetation 

canopy and rapid burial by sand. Seeds and seedlings were introduced to the Oreti 

Beach and Mason Bay foredunes to investigate the influence of the foredune vegetation 
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canopy on germination and seedling survivorship. Both seed germination and seedling 

survival were significantly limited by the vegetation canopy. The soil seed bank was 

examined by extracting core samples from the foredune and deflation zone at Mason 

Bay and testing seeds for viability. Seeds were found to the maximum depth of 

sampling (340 cm) in the foredune, and retained a high viability at all depths (69.4%). 

Little seed was found in the deflation zone. 

 

The findings of this study suggest that the foredune environment at Mason Bay 

provides a highly efficient system in terms of producing A. arenaria seed, dispersing 

seed within this landform, and storing seed as a soil seed bank. Most, if not all seed 

remains within the foredune due to the dense plant canopy that restricts dispersal 

(although long-distance dispersal into the dune hinterland cannot be ruled out), and the 

germination of seed is inhibited by the vegetation canopy and the restriction of light 

penetration. This contributes to the development of the highly persistent and extensive 

soil seed bank within the foredune at Mason Bay. 

 

Two scenarios are proposed for managing A. arenaria at Mason Bay, Scenario one 

involves the ‘natural mobilisation’ of the foredune, by eradicating the A. arenaria 

population and allowing the dune to naturally erode, whilst reactively eliminating 

seedlings that emerge from the soil seed bank. Scenario two has a more proactive 

approach, ‘large-scale destabilisation’, which entails the removal of the A. arenaria 

canopy, and the subsequent excavation and remobilisation of the foredune with earth-

moving equipment. Sand would most likely be deposited inland due to the greater 

volume of sand that could be transported, and follow-up spraying would be required. 

The management of the foredune soil seed bank is an inevitable stage in achieving 

control over, and eventually, full eradication of A. arenaria in the Mason Bay dune 

system.  

 

Keywords: Ammophila arenaria; foredune; seed production; seed dispersal; seed 

germination; seed bank; eradication; Stewart Island, New Zealand 
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Chapter One 

General introduction 

 

 

1.1 Overview 

Ammophila arenaria (L.) Link (marram grass) represents a significant threat to the 

natural values of dune systems throughout New Zealand. Initially introduced as a 

means of dune stabilisation, the superior sand-trapping ability of this species allows it 

to out-compete indigenous species and dominate foredune communities. A. arenaria is 

now widespread throughout New Zealand and poses a major threat to New Zealand’s 

coastal biological and landform diversity (Hilton, 2006).  

 

The last few decades has seen a substantial increase in the understanding of A. arenaria 

ecology both globally and in New Zealand. The majority of work to date has been 

focused on reviewing the distribution of A. arenaria (Buell et al., 1995; Hertling and 

Lubke, 1999; Hilton, 2006), the effects of pathogens, fungi and bacteria below the 

surface (Van der Putten et al., 1993; Beckstead and Parker, 2003; Vandegehuchte, 

2010), vegetative reproduction (Konlechner, 2008; Konlechner and Hilton, 2009), the 

process and threats of A. arenaria invasion (Jul et al., 1999; Hilton et al., 2005), and 

the function of A. arenaria during succession i.e. the sand-trapping characteristics of 

this species (Hesp, 1979; Kent et al., 2001). Despite increasing attention in recent years 

(Pope, 2005; Konlechner and Hilton, 2010; Lim, 2011), however, there is still much to 

be learnt regarding the seed ecology, and more specifically, the reproductive biology of 

A. arenaria in the New Zealand context.  

 

This study will systematically evaluate the sexual reproduction of A. arenaria, focusing 

on the foredune environment where it is known to form a dense flowering canopy. This 

evaluation will include analyses of the production, dispersal, germination, and storage 

of A. arenaria seed. The findings will provide valuable insights into components of the 
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reproductive cycle which have been previously overlooked, namely the dynamics of the 

foredune seed bank. It will offer empirical information that will assist in the future 

management and eradication of this highly invasive species.  

 

1.2 The New Zealand dune landscape – past and present 

The New Zealand coastline has historically included a range of biologically and 

geomorphically diverse environments that are, or were, home to many native plant and 

animal species. However, significant changes to the character of native dune systems 

have occurred over time as exotic species, particularly A. arenaria, continue to modify 

environments and displace indigenous species. In contrast to the deliberate introduction 

of species during the 18
th

 and early 19
th

 centuries, dune management today is 

principally focussed on eradicating or minimising the spread of invasive species (Hilton 

and Konlechner, 2010). The processes and characteristics of these changes will be 

central to future management and restoration of natural communities. 

 

Early reports by botanist Leonard Cockayne estimated the area of active duneland in 

New Zealand to be around 129 000 ha during the early 1900s (Cockayne, 1911). At this 

time Cockayne described a range of dune environments including partially vegetated 

dunes occupied by the indigenous sand binders Spinifex sericeus and Ficinia spiralis 

(pingao), along with Poa billardierei (sand tussock), and Euphorbia glauca (shore 

spurge). Semi-stabilised dunelands with grasses and shrubs (e.g. Coprosma acerosa) 

were also a feature, as well as dune-forest vegetation with various podocarps and inter-

dune wetlands and lakes (Cockayne, 1909a). 

 

Since the arrival of Europeans, however, the active dunes of New Zealand have been 

heavily modified; a process which Hilton (2006) attributed primarily to the widespread 

and very rapid introduction of A. arenaria. The introduction of A. arenaria for 

stabilisation, property protection, afforestation, agricultural development, sand mining 

and urban development (Hilton, 2006), has resulted in many of New Zealand’s active 

dune systems bearing very little resemblance to early dune environments.  
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The contemporary ecology of New Zealand’s active dunes is predominantly determined 

by aeolian sedimentation and is mainly restricted to species adapted to, and tolerant of 

sand burial, erosion, desiccation, and salt spray (Hilton, 2006). The indigenous plant 

species F. spiralis, P. billardierei, E. glauca and S. sericeus are the primary dune 

species in New Zealand, along with the highly invasive dune grasses, A. arenaria and 

Thinopyrum junceiforme (sea-wheat grass) (Gadgil, 2006; Hilton et al., 2005; Hilton, 

2006; Hilton et al., 2006). Present foredunes inhabited primarily by native plant species 

are generally sparsely vegetated with low plant diversity (Figure 1.1); however, A. 

arenaria is now the dominant species on most New Zealand dunes (Figure 1.2).   

 

 

Figure 1.1: Comparison of the foredune morphology before and after Ammophila 

arenaria invasion at Mason Bay (source: Hilton et al., 2006).  
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Figure 1.2: The distribution of A. arenaria and native dune species F. spiralis and S. 

sericeus on the New Zealand coast. Surveys undertaken by Johnson (1992), Partridge 

(1992) and Hilton (2006) (source: Konlechner, 2012, adapted from Hilton, 2006).  

 

1.3 Principles of seed ecology 

1.3.1 Sexual and asexual reproduction in plants 

Within plants, there is a trade-off between vital activities such as maintenance, growth, 

defence, and reproduction. The proportion of the plant’s total resources devoted to 

reproduction and reproductive structures is termed its reproductive allocation (Lovett-

Doust and Lovett-Doust, 1988). The reproductive allocation of a plant is often 

determined by habitat, with the quantity and investment in reproductive structures 

varying among specific environments. Plants that occupy highly disturbed habitats such 

as coastal dunes tend to allocate a greater proportion of their total biomass to 

reproductive structures. Those existing in high density populations invest a larger 

amount into reproduction by seed (Holler and Abrahamson, 1977). 
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Flowering plants can reproduce in two ways: asexually through vegetative expansion, 

or sexually by means of seed production. Vegetative reproduction encompasses any 

form of asexual reproduction occurring in plants whereby the parent plant produces 

specialised reproductive structures, from which a new genetically identical plant grows. 

Such structures include bulbs, corms, stolons and rhizomes (Fenner, 1985). Sexual 

reproduction, however, produces genetically unique seeds through shuffling of the 

parents’ genetic material during gamete formation (Fenner and Thompson, 2005). This 

allows for an effectively infinite range of genetic diversity and flexibility within the 

seed population (Richards, 1997). Although some species rely exclusively on a single 

method of reproduction, many plants maximise fitness by reproducing both sexually 

and asexually, depending on the habitat and conditions available for establishment 

(Fenner, 1985). This is a common adaptive strategy in coastal species (Gray, 1985). 

 

Vegetative reproduction has a much higher survival rate than sexual reproduction, and 

results in relatively dependent regeneration from year to year, and local domination of a 

particular site (Fenner and Thompson, 2005). Vegetative reproduction is also less costly 

in terms of energy invested by the parent plant, as the offspring contribute to their own 

production (Minorsky, 2008). A greater size can be achieved in a shorter time, although 

the close proximity of the offspring to the parent plant can often result in local 

crowding during vegetative spread (Nishitani et al., 1999).  

 

Seedling regeneration is more erratic; however, the large number and small size of 

seeds facilitates dispersal to new ground (Richards, 1997). This is evolutionarily 

advantageous as unfavourable conditions at the parent site can be avoided and the 

establishment of new, genetically distinct communities can occur (McEvoy and Cox, 

1987; Minorsky, 2008). Annuals and most woody plants generally reproduce by seed, 

whereas plants that occupy habitats unfavourable to seedling establishment (i.e. rivers. 

Coastal, and alpine sites) tend to rely more on vegetative reproduction (Fenner and 

Thompson, 2005). Vegetative expansion is an important reproductive strategy on 

coastal dunes; however, all strand species allocate some resources to sexual 

reproduction (Maun, 2009).  
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1.3.2 Seed dispersal 

Seed dispersal is an important part of reproduction for many plant species as it is a 

means of establishing new colonies and avoiding overcrowding within existing 

populations. Dispersal of seeds away from the parent plant allows for genes to move 

through populations, prevents competition for resources between parent and offspring, 

enhances the likelihood of at least some offspring reaching appropriate sites, and allows 

seeds to escape specialist parasites and pathogens associated with the parent plant and 

siblings (Willson and Traveset, 2000; Fenner and Thompson, 2005).  

 

Seed size is closely correlated with habitat and successional status. Large seeds tend to 

be produced in small quantities and are associated with drier habitats; as they carry 

greater energy reserves for germination and growth (Fenner, 1985). Alternatively, small 

seeds are generally found in densely vegetated areas and are produced in large numbers 

to increase the chance of successful establishment (Willson, 1983). The seed mass is 

often correlated with plant height, growth, specific leaf area, relative growth rate, and 

dispersal mode (Westoby et al., 1996). Large and small seeds vary in their dispersal 

methods; however, transport away from the parent plant generally requires an external 

agent such as wind, water, animals, or birds.  

 

Of particular relevance to this study is anemochory, the dispersal of seed by wind, as 

most coastal species rely on this vector for dispersal (Maun, 2009). Wind dispersal is 

essential for plants occupying transient, widely scattered habitats, which tend to have a 

large number of small seeds (Fenner, 1985). The prevailing winds on coastal sand 

dunes are primarily from the direction of the sea, allowing seeds to disperse inland and 

colonize new sites (Maun, 2009).  Wind dispersed seeds usually have a large surface 

area to volume ratio (Willson, 1983), and possess a variety of structures that aid in 

transportation and establishment. Plumes, wings and samaras are common means of 

becoming air-borne, and assist greatly in increasing drag, slowing the rate of fall and 

anchoring upon reaching the surface (Willson and Traveset, 2000; Fenner and 

Thompson, 2005).  
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The most important determinant of dispersal distance is said to be the horizontal wind 

velocity (Soons et al., 2004). The majority of seeds, including those with wind-

dispersal adaptations, are, therefore, dispersed only short distances, except for in the 

case of extreme climatic events where long-distance dispersal (LDD) can occur (Fenner 

and Thompson, 2005). In a study on coastal herb Vulpia fasiculata, Watkinson (1978) 

found that 79% of seeds fell within 10 cm of the parent plant whilst none were 

dispersed further than 36 cm. Seed weight and initial uplift are also key factors in LDD.  

 

For short distance dispersal, however, the height of release and height of surrounding 

vegetation play a crucial role in determining seed dispersal, particularly in grasslands 

(McEvoy and Cox, 1987; Soons et al., 2004). These parameters determine whether a 

seed is released at a height where there is sufficient wind speed for transportation. This 

controls the minimum falling time, affects the levels of turbulence, and consequently 

the probability of uplift upon release. Vegetation can also hinder dispersal by reducing 

wind speeds, creating turbulence and obstructing the passage of seeds (Fenner, 1985).  

 

Both Willson and Traveset (2000) and Fenner and Thompson (2005) suggested that 

there is a scarce amount of information regarding how far seeds travel, how often they 

travel, and their subsequent fates. Although there have been several studies 

investigating dispersal mechanisms (Redbo-Torstensson and Telenius, 1995; Soons et 

al., 2004), seed dispersal modelling (Portnoy and Willson, 1993; Jongejans and 

Schippers, 1999; Bullock and Clarke, 2000), and short-distance dispersal (Watkinson, 

1978; Rabinowitz and Rapp, 1980; Carey and Watkinson, 1993); seed dispersal along 

sea coasts has not yet been thoroughly investigated. More effort is needed to examine 

the modes and fate of dispersal of coastal dune species (Watkinson, 1978; Maun, 2009). 

 

1.3.3 Seed germination and seedling establishment 

The successful regeneration of a species requires seeds to be dispersed to sites 

appropriate for germination and seedling establishment. Upon reaching a site, the seed 

will either germinate immediately, enter a phase of dormancy until conditions are 

favourable for germination, or die through predation, decay or pathogenic attack 
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(Maun, 2009). In most plant communities, regeneration occurs in gaps where 

competition is reduced or absent, and where conditions are markedly different from 

those within vegetated areas (Fenner, 1985). The ability of a seed to respond 

appropriately to these conditions, such as light, temperature and moisture regimes, is a 

valuable asset for regeneration success.  

 

Seeds possess a variety of mechanisms that inhibit or promote germination. Besides the 

basic requirement for water, oxygen and an optimal temperature, seeds may also be 

sensitive to factors such as light and nitrate levels (Khan and Gulzar, 2003; Finch-

Savage and Leubner-Metzger, 2006; Minorsky, 2008). The correct degree and quality 

of light is known to break dormancy, and is closely correlated with the burial depth of 

seeds and vegetation cover (Silverton, 1980; Baskin and Baskin, 1998). Because of 

limited nutrient reserves, many types of seeds, particularly small ones, germinate only 

when the light conditions are near optimal (Minorsky, 2008). Germination commences 

with the uptake of a species-specific amount of water—imbibition—which is followed 

by the release of gibberellins and the expansion of the seed embryo (Bewley, 1997; 

Minorsky, 2008).  

 

There are very high mortality rates during the early phases of seed growth, and a 

seedling is only considered as fully established when it has become effectively 

independent of its seed reserves (Fenner, 1985). The primary hazards which affect 

seedlings from becoming established are: desiccation – establishment depends critically 

on rainfall (Garcia et al., 2002), over-burial (Huang et al., 2004), predation (Andersen, 

1989), disease, and competition (Fenner and Thompson, 2005). Competition from 

neighbouring plants is likely the biggest threat faced by colonising seedlings. This is 

exemplified by the higher mortality rates during periods favourable to growth (Fenner, 

1985). Germination at depths too great to allow emergence is also a hazard for species 

that do not possess depth-sensing mechanisms (Maun, 2009).  
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1.3.4 Seed dormancy and seed storage 

In the absence of immediate germination upon dispersal, seeds enter the soil seed bank 

where germination can be delayed for an indefinite period. Seeds can be either dormant 

or non-dormant, with the lack of germination in non-dormant seeds being due to the 

absence of one or more environmental factors (Baskin and Baskin, 2003). A dormant 

seed, however, is one that will not germinate under environmental conditions which are 

otherwise favourable for its germination (Baskin and Baskin, 2003; Finch-Savage and 

Leubner-Metzger, 2006). This is caused by the blocking of germination within the 

imbibed seed (Murdoch and Ellis, 2000). For the majority of seeds, the role of 

dormancy is limited to regulating the time of year that seeds germinate, or to prevent 

germination from occurring during the period immediately succeeding dispersal 

(Hilhorst, 1995; Baskin and Baskin, 1998; Minorsky, 2008).  

 

Seeds in situ are as much a part of the plant community as the above-ground vegetation. 

Seed banks embody a reserve of evolutionary genetic potential which has been laid 

down by many generations of plants (Leck et al., 1989). The composition of seed banks 

is highly variable, and can be classified as either transient or persistent. Transient seed 

banks are composed of short-lived seeds that do not possess dormancy, and persistent 

seed banks contain seeds that persist in the soil for more than a year (Christoffoleti and 

Caetano, 1998). Short-term persistence encompasses seeds that persist in the soil for 1–

5 years, and long-term persistence is in excess of 5 years (Bakker et al., 1996). When 

exposed to disturbance, seeds across all seed banks can be drawn on intermittently for 

germination, as long as the stage of dormancy and prevailing environmental conditions 

are suitable.  

 

1.4 Ammophila arenaria (L.) Link 

1.4.1 The global distribution of A. arenaria 

A. arenaria is a European dune grass (Poaceae, Agrostidinae) native to the sandy 

coastlines of the Atlantic Ocean, the North Sea, the Baltic Sea, the Mediterranean Sea, 

and the Black Sea, ranging from 30˚N to 63˚N latitude (Huiskes, 1979; Wiedemann, 
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1987). A. arenaria is highly adapted to the drifting sand conditions of coastal dunes 

(Wiedemann, 1987) and is abundant on mobile and semi-mobile dune systems 

(Huiskes, 1979). Due to its natural ability to colonise and stabilise sand dunes (Van der 

Putten, 1990), it has been planted globally for erosion control and stabilisation 

purposes. Established populations now exist in New Zealand (Sykes and Bastow, 

1991), Australia (Heyligers, 1985; Webb et al., 2000), the Middle East (Tsuriell, 1974), 

South Africa (Hertling and Lubke, 2000), along all European coasts south of latitude 

63˚N (Huiskes, 1979), and extensively across the west coast of Northern America 

(Buell et al., 1995; Wiedemann and Pickart, 1996).  

 

1.4.2 General ecology of A. arenaria 

A. arenaria is an erect, perennial, rhizomatous grass with flowering stems up to 100 cm 

tall (Salisbury, 1952; Huiskes, 1979; Wiedemann, 1987). The vegetative tillers are 

tufted up to 120 cm tall and extend from scaly rhizomes that spread horizontally and 

vertically (Buell et al., 1995; Wiedemann, 1987). Leaf blades are tough, fibrous, and 

usually inrolled to a sharp point (Wiedemann, 1987). A. arenaria is characterised by the 

capacity to respond positively to sand accumulation, and is capable of withstanding 

burial of up to 100 centimetres per annum (Ranwell, 1972; Sykes and Wilson, 1989). 

This is largely due to its vertical height, structure and clumped habit which allows it to 

trap and bind sand more efficiently than most indigenous species (Holland 1981; Sykes, 

1987). In increasingly stable environments, there is a decline in vigour and abundance, 

and leaves are less tightly rolled, shorter, and inflorescences are often absent (Huiskes, 

1979).  

 

1.4.3 Vegetative reproduction of A. arenaria 

The natural establishment of A. arenaria takes place through both seedlings and 

vegetative reproduction. Historically, it has been thought that reproduction via seed is 

of lesser importance, with vegetative spread, and regeneration from rhizome considered 

as the primary modes of reproduction (Ranwell, 1972; Huiskes, 1977; Buell et al., 

1995). Once A. arenaria is established, it develops a robust and vigorous rhizome 

network which extends actively under intensive sand burial (Wiedemann, 1987). 



11 

 

Several new roots and shoots develop from the nodes of these rhizomes, producing the 

above-ground biomass of this species (Hope-Simpson and Jefferies, 1966: Van der 

Putten, 1990).  

 

Alongshore marine transportation of rhizome is now recognised as a significant means 

of establishing new A. arenaria colonies, potentially several hundred kilometres from 

the source population (Aptekar and Rejmanek, 2000; Konlechner, 2008; Konlechner 

and Hilton, 2009). As storm waves erode the base of the foredune, large masses of 

vegetation can be washed away, containing fragments of A. arenaria rhizome 

(Wiedemann, 1987). Aptekar and Rejmanek (2000) suggested that viable A. arenaria 

rhizome can be transported up to 504 km. Konlechner and Hilton (2009) also 

investigated viability and buoyancy rates of A. arenaria rhizome in southern New 

Zealand. The treated rhizome was able to regenerate after 70 days of submergence in 

seawater and remained buoyant for 161 days. These studies highlight the potential for 

successful dispersal of A. arenaria rhizome via marine transport, and therefore, a means 

for A. arenaria to invade new dune systems without deliberate introduction. 

 

1.4.4 Invasive impacts of A. arenaria 

The invasiveness of A. arenaria outside its natural range is now widely recognised. The 

impacts on natural dune landscapes and habitat diversity have been recorded globally. 

A. arenaria possesses various physiological adaptations that facilitate its competitive 

dominance over many indigenous dune plant species (Hertling and Lubke, 1999; 

Hilton, 2006), by allowing it to either directly outcompete these species, or create 

environments unsuitable for habitation. This is primarily due to its ability to accrete 

dunes and induce changes in dune topography (Barbour and Johnson, 1977; Hilton et 

al., 2005), and its vigorous rhizomatous and adventitious growth that allows it to spread 

rapidly (Van Hook, 1983; Partridge, 1992; Wiedemann and Pickart, 1996). The 

invasiveness of A. arenaria has been well documented in North America, Australia, 

South Africa, and New Zealand.  
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North America 

Since its introduction in the late 1800s, A. arenaria has become fully naturalised and 

spread extensively across the west coast of North America, between 34°N and 54°N 

latitude (Buell et al., 1995). Along many parts of this coastline, it has severely altered 

dune topography (Wiedemann and Pickart, 1996), transformed and reduced species 

diversity (Boyd, 1992), and displaced native plant communities (Buell et al., 1995). 

Due to the current, widespread distribution of A. arenaria on the northwest coastline of 

North America, Wiedemann and Pickart (1996) have suggested that large scale reversal 

of the ecological impacts caused by A. arenaria is not currently feasible. Restoration 

efforts are being focused on areas that will have the greatest ecological return, and have 

the highest likelihood of long-term viability in terms of their size, exposure to 

disturbance and management opportunities.  

 

Australia 

The implications of A. arenaria invasion for conservation values are also recognised in 

Tasmania, Australia, where planting by government agencies began in the late 1800s. 

Dune stabilisation and grazing fodder for cattle were the primary motivations behind 

planting in this region (Pemberton and Cullen, no date); however, Kirkpatrick and 

Harris (1995) have suggested that A. arenaria is now displacing native sand-binding 

species and is spreading to beaches where it was not intentionally introduced. Current 

estimates suggest that of the 1859 km of sandy coastline in Tasmania, only 100 km is 

known to be free of A. arenaria (Pemberton and Cullen, no date). Control measures 

have been introduced in the Tasmanian Wilderness World Heritage Area and along 

other parts of the threatened, Tasmanian coastline. 

 

South Africa 

The harmful impacts of A. arenaria throughout the world have resulted in the potential 

for invasion in South Africa gaining increasing attention over the past 15 years. 

Hertling and Lubke (1999) and Hertling and Lubke (2000) suggested that although 

there had been no unaided spread of A. arenaria in South Africa throughout the 1990s, 

concern about further plantings along the South African coastline is not unreasonable. 
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Evaluations of the invasive potential of A. arenaria in South Africa have been based 

upon theoretical assumptions (Hertling and Lubke, 2000); therefore, it is now necessary 

to implement observational and experimental investigations regarding the biology of A. 

arenaria in the South African context. This will ensure any invasive spread is identified 

early, and allow for efficient and targeted management before the invasion escalates 

and natural values become compromised.  

 

1.4.5 A. arenaria in New Zealand 

Native dune flora and dune vegetation communities in New Zealand have been highly 

modified by the introduction of A. arenaria. A. arenaria was deliberately introduced in 

the late 1800s and was first recorded at Miramar Peninsula, Wellington in 1873 

(Buchanan, 1873; Konlechner and Hilton, 2009). It has since naturalised and spread 

throughout the country, with the facilitation of both government initiatives and 

agricultural practices (Lim, 2011). The initial purpose for planting A. arenaria was to 

stabilise mobile dunes in order to provide property protection, and to create an ideal 

topography for afforestation (Hilton, 2006). Coastal property and farmland was seen as 

a valuable resource and one which was prioritised in terms of protection. Increasing the 

‘productive’ value of targeted dune systems, however, has resulted in A. arenaria 

becoming invasively widespread. Many dune systems have been unintentionally 

stabilised by A. arenaria in New Zealand.  

 

Despite its deliberate introduction, the impact of A. arenaria on New Zealand’s coastal 

biological and landform diversity is becoming increasingly recognised (Johnson, 1982; 

Sykes and Bastow, 1991; Johnson, 1992; Hilton et al., 2005). Although sand dune 

habitats are still relatively common (Pegman and Rapson, 2005), the current inventory 

of New Zealand’s active dunes (Hilton et al., 2000) reveals that the majority of New 

Zealand’s present dune systems bear little resemblance to early descriptions (Cockayne, 

1909a). Hilton et al. (2005) attributed the displacement of indigenous foredune species 

to the higher and steeper dune development associated with A. arenaria. According to a 

recent inventory of threatened plant species in New Zealand (Reid, 1998), A. arenaria 

is now a threat to ten indigenous dune species, including F. spiralis and P. billardierei. 

A. arenaria has replaced F. spiralis on many dune systems in New Zealand; primarily 
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around the south and east coasts of the South Island, and the western coasts of the 

North, South and Stewart Island (Hilton et al., 2005).  

 

The Department of Conservation and many local authorities are now investing 

significant time and monetary resources into eradicating A. arenaria from dune systems 

retaining high natural values. Small-scale operations are relatively widespread, 

including: spray-control works in the Wellington region (Bergin, 2011); pre-restoration 

eradication and maintenance at Caroline Bay, Timaru (Timaru District Council, 2012); 

herbicide control on the Chatham Islands (Moore and Davis, 2004); spray-eradication 

at Brighton Beach, Dunedin (Bergin, 2011); and systematic spraying in areas of 

Fiordland (Konlechner and Hilton, 2010).  

 

In terms of large-scale projects, the Stewart Island Marram Eradication Programme was 

initiated in 1998 and is one of the largest A. arenaria-related projects by area (Hilton 

and Konlechner, 2010). A. arenaria was introduced to Mason Bay in the 1950s and is 

now fully established; densely established on foredunes and widely scattered 

throughout the dune hinterland. Control measures, comprising of both targeted 

population eradication and aerial operations (Hilton and Konlechner, 2010), are 

currently being implemented at Mason Bay in an attempt to fully eradicate A. arenaria 

from this dune system. Actively managed projects, such as this, are required if the 

remaining biological and landform diversity is to be preserved in New Zealand. 

 

1.5 Sexual reproduction of A. arenaria 

The establishment of A. arenaria from seed has been largely regarded as a less 

important means of reproduction, and is reputed to be very rare and sporadic (Gemmell 

et al., 1953; Huiskes, 1977; Aptekar and Rejmanek, 2000). Very few studies in the 

available literature have focused solely on this component of A. arenaria reproduction, 

with much of that work being undertaken in the European context; within the natural 

range of this species (e.g. Huiskes, 1977; Huiskes, 1979; Van der Putten, 1990). The 

invasive spread of A. arenaria by seedling recruitment has been investigated by Esler 

(1974) in northern New Zealand, Lim (2011) in southern New Zealand, Wiedemann 
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(1987) in Oregon, North America, and Huiskes (1977) in Newborough Warren, Wales. 

Information is still required, however, regarding the dispersal and establishment of A. 

arenaria in the primary area of seed production – the foredune. 

 

This study will address this important gap in the current understanding of A. arenaria 

seed dynamics, by investigating four interconnected and key components of A. arenaria 

seed ecology within a vegetated foredune environment where seed production is 

abundant: (i) The spatial distribution of seed production; (ii) seed dispersal within a 

vegetated stand; (iii) seed germination and seedling survival within the A. arenaria 

canopy; and (iv) the spatial distribution of the soil seed bank. This investigation builds 

on the work of Lim (2011) who suggested that the main factor inhibiting the 

germination of A. arenaria seed is the restriction of light penetration, and that A. 

arenaria seed banks can remain viable for at least 21 years. 

 

1.5.1 Phenology 

In Europe, the production of inflorescences is initiated in autumn, with maturation 

occurring in May and June (Huiskes, 1979; Russo et al., 1988). Anthesis ensues during 

July and August, although it has been reported as early as May in some regions (Munz 

and Keck, 1973). The ripe seeds are then dispersed in September, with some 

germination occurring soon after seed-fall, but primarily during April and May of the 

following spring (Huiskes, 1979). The viability of seeds is said to be low, with almost 

all seedlings dying as a result of desiccation, burial or small-scale sand erosion 

(Huiskes, 1979; Russo et al., 1988). In areas where these factors are less severe, some 

seedlings are able to establish, particularly across moister sites. Seedlings are not 

commonly found in dunes with established stands of A. arenaria (Greig-Smith, 1961).  

 

1.5.2 A. arenaria seed production 

The production of caryopses (seeds) varies between years and across different sections 

of the dune system (Huiskes, 1979). Typically, it takes at least two years from seedling 

establishment before the inflorescences begin to develop. The number of developed 

caryopses per floret decreases on plants established further inland (Hertling and Lubke, 
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2000). The seed crop size and viability is also dependent on a favourable seasonal 

climate (Pope, 2006), and is closely correlated with the vigour of the producing plant. 

Seed production is, thus, influenced by local wind regimes, sand supply, and moisture 

levels (Eldred and Maun, 1982).  

 

Estimates of A. arenaria crop size have been carried out by Salisbury (1942) and 

Salisbury (1952), with the most recent having been undertaken by Lim (2011) at Mason 

Bay, Stewart Island. Lim (2011) investigated potential seed output in six different 

depositional environments containing flowering populations of A. arenaria. The 

foredune face had an estimated seed crop of 7,691.2 per m
2
, the backdune sandsheets: 

1,580.4 per m
2
, and the backdune nabkha: 17,772.0 per m

2
. These results were 

comparable with studies on Ammophila breviligulata by Laing (1958) and Krajnyk and 

Maun (1982), but were smaller than those identified by Salisbury (1942) and Salisbury 

(1952). Laing (1958) suggested an A. breviligulata crop size of 846 per m
2
, which is 

similar to the results of Maun (1985; 600 seeds per m
2
), and Krajnyk and Maun (1982; 

1 972 seeds per m
2
). In a study of A. arenaria, Salisbury (1952) estimated that the 

flowers of a clump derived from a single plant can produce over 30,000 seeds. 

 

1.5.3 Dispersal and transport of A. arenaria seed 

The seeds of A. arenaria are dispersed primarily by wind, still covered with lemma and 

palea (Huiskes, 1979). The seed is small and morphologically suited for dispersal by 

wind, although it does not bear structures such as plumes, wings or samaras, that would 

facilitate dispersal more than a few hundred metres (Hertling and Lubke, 2000). The 

silky outer hairs on the seed surface do, however, help to anchor and orientate the seed 

for sand burial in available open space (Pope, 2005). The primary and secondary 

dispersal of A. arenaria seed over flat open surfaces is suggested to be relatively short-

distance, up to 20 m, in moderate wind speeds (7.1ms
-1

) (Pope, 2005).  

 

Until the work of Pope (2005), seed dispersal in space had not been studied in detail. 

There still remains a significant gap in the literature relating to seed dispersal on a 

natural A. arenaria-dominated foredune, and the influence of vegetation canopy on 
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dispersal patterns. Several studies on both coastal and non-coastal grasses have 

suggested that seeds are dispersed only short distances from the parent plant within a 

vegetated canopy (Watkinson, 1978; McEvoy and Cox, 1987; Carey and Watkinson, 

1993); however, this has not yet been examined in A. arenaria. The relative importance 

of secondary dispersal on the foredune, where the majority of seed is likely to be 

dropped, is also a gap in the current understanding of A. arenaria seed dispersal. 

 

1.5.4 The A. arenaria soil seed bank 

Following dispersal, the seeds of coastal plants accumulate in depressions on the sand 

surface, and are exposed to varying degrees of burial. The seeds respond to this burial 

in three ways. First, the seeds will germinate and seedlings will emerge if conditions 

are optimal at the site. Second, the seeds will germinate but are unable to emerge due to 

burial depth and a lack of stored energy to reach the surface. These seedlings will 

eventually decay and are lost. Or third, the seeds will not germinate because they 

undergo either enforced or innate dormancy and become part of the soil seed bank 

(Maun, 2004). Although the latter is suggested to be the most common response in 

coastal dune species (Zhang and Maun, 1994), the significance of seed banks in saline 

environments is not clearly understood. A limited number of investigations have been 

undertaken concerning the nature of seed banks at coastal sand dune sites (Zhang and 

Maun, 1994; Gul and Weber, 2001).  

 

Very little work had been focused on the seed bank of A. arenaria until Konlechner and 

Hilton (2010) and Lim (2011). Konlechner and Hilton (2010) identified the presence of 

a persistent A. arenaria seed bank at Doughboy Bay, Stewart Island, following 

continual eradication via spray operations. The emergence of seedlings was occurring 9 

years after the last flowering event, indicating that A. arenaria seed is able to persist 

much longer in the soil than previous estimates of less than 1 year by Knevel (2001). 

Lim (2011) further investigated the presence and viability of the A. arenaria seed bank 

in southern New Zealand. The findings of Lim (2011) suggested that viable A. arenaria 

seed is able to persist in storage for up to 21 years. This represents a significant long-

term regeneration threat in terms of managing A. arenaria; therefore, it is critical to 

gain a greater understanding of the spatial and vertical distribution of the seed bank in 



18 

 

A. arenaria-dominated dune systems. This will help to effectively structure future 

management plans and resource allocation.  

 

1.5.5 A. arenaria seed germination and seedling establishment 

A. arenaria produces viable seeds which are readily germinable (Bencie, 1990); 

however, seedlings are not commonly found in dunes with established A. arenaria 

populations (Greig-Smith, 1961). Lim (2011) proposed a background germinability rate 

of 82%–94%, which suggests that seedling survivorship is the leading cause for the low 

number of seedlings observed in many studies, i.e. Greig-Smith (1961); Lubke et al. 

(1995); and, Wiedemann and Pickart (1996). Where seedlings do establish, they are 

predominantly found in inland slack areas (Greig-Smith, 1961; Bencie, 1990), areas 

where the trend is erosional (Konlechner and Hilton, 2010), spaces which are 

comparatively damp (Huiskes, 1977), inland stone fields (Lim, 2011), and in close 

proximity to mature flowering plants (Huiskes, 1977).  

 

Several factors can contribute to low seedling survival, including: low nutrient 

concentrations in the soil, desiccation, excessive burial, small scale sand erosion, and 

the harmful biotic factors within sand that affect growth and biomass production 

(Huiskes, 1977; Van der Putten et al., 1988; Van der Putten, 1990). Many of these 

factors are thought to be amplified when adult plants exist close by; however, the long-

term survivorship of A. arenaria seedlings and the contributing factors have not yet 

been formally examined. Maun (1994) suggested that the intense below-ground 

competition of perennials can often limit the growth of seedlings, though this has not 

been investigated with A. arenaria.  

 

1.6 Aims and objectives 

A. arenaria is now widely recognised as a threat to the biological and landform 

diversity of temperate dune systems around the world, yet few specific details relating 

to the sexual reproduction of this species are known. A better understanding of actual 

seed numbers, the dispersal methods employed by A. arenaria, patterns of 
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accumulation, and the factors influencing emergence will assist greatly in managing 

eradication and constructing more efficient and effective management strategies. 

 

The main aim of this study is to, therefore, establish how A. arenaria seed is produced, 

dispersed and stored in a vegetated foredune. To achieve this aim, a systematic 

evaluation is undertaken, pursuing four key objectives:  

 

1. To examine the relationship between seed production and the dune landscape, in 

particular, A. arenaria flowering height and flowering density across different 

zones of the foredune, 

2. To investigate the primary and secondary dispersal characteristics of A. 

arenaria seed, and the influence of the vegetation canopy in the foredune 

environment,  

3. To establish the importance of the vegetation canopy on A. arenaria seed 

germination and seedling survivorship in the foredune, 

4. To provide a quantitative assessment of the relative density of the A. arenaria 

seed bank in relation to spatial seed distribution and burial depths within the 

foredune and deflation zone. 

 

1.7 Field sites 

1.7.1 Mason Bay, Stewart Island 

Mason Bay is situated on the west coast of Stewart Island (46˚ 55’ S, 167˚ 45’ E), and 

is the primary field site for this research (Figure 1.3). Mason Bay is approximately 13 

km long and contains a large continuous foredune complex, up to 15 m high, which is 

backed by one of the largest transgressive dune hinterlands (the active backdune 

environment inland of the foredune) in New Zealand (Hilton et al., 2005). This feature 

extends up to 3.5 km inland, and is a result of the prevailing onshore westerly winds, 

and the large amount of available sediment within the embayment.  
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Figure 1.3: Location of Mason Bay, Stewart Island, and Oreti Beach, Southland. 

 

Prior to the introduction of A. arenaria in the 1930s, communities of F. spiralis, 

Austrofestuca littoralis and E. glauca were dominant, amongst a low hummocky 

foredune (Cockayne, 1909b; Figure 1.4). The foredune stood up to 2–3 m high, with the 

dune complex extending up to a mile in width, surrounded by low-lying Griselinia-

dominated forest. Cockayne (1909b) documented the long blows of sand and the semi-

horizontal stature of the surrounding broadleaf trees, affirming the active and exposed 

nature of the coastline. 

 

The introduction of A. arenaria, however, has significantly altered the geomorphology 

into what is now a steep, densely vegetated Type-1 foredune (after Hesp, 2002; Figure 

1.4). A. arenaria is now the dominant sand-binding species, causing rates of accretion 

that exceed the tolerance of native plant species (Hilton et al., 2005). Where native 

plants were once described as prolific and common (Cockayne, 1909b), there is now a 

monoculture of A. arenaria, sporadically interrupted with small colonies of native dune 

species.  
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The invasion of A. arenaria is not only threatening native plant species, but also the 

avifauna of Mason Bay. Species such as the Stewart Island Kiwi (Apteryx australis), 

New Zealand Dotterel (Charadrius abscurus), and the Variable Oystercatcher 

(Haematopus unicolor), are among those vulnerable to the effects of A. arenaria 

(Barlow, 1993; Moore and Davis, 2004; Lim, 2011). Breeding sites and migratory 

routes have been disrupted by A. arenaria and the dense canopy provides habitat and 

cover for predators. The imperative is, therefore, not only to restore native plant 

communities, but also the highly valued and threatened habitats of local avifauna.  

 

Mason Bay was chosen as the primary field site for this study as it contains a dense, 

continuous band of flowering A. arenaria, situated across a Type-1 foredune (after 

Hesp, 2002). The prolificacy of A. arenaria and consequent seed production at this site 

make it an ideal location to analyse the dynamics of seed production, seed dispersal, 

germination and survival, and the soil seed bank. The foredune is a relatively under-

studied landform in terms of A. arenaria seed dynamics, and was, therefore, chosen as 

the key environment for this study.  
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Figure 1.4: A low, hummocky foredune existed at Mason Bay, Stewart Island in 1935 

(upper), compared to what is now a steep, Type-1 foredune (after Hesp, 2002), 

dominated by the invasive A. arenaria (lower; source: G M Turner, 1935). 

 

1935 

2014 
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1.7.2 Oreti Beach, Southland 

Oreti Beach is a broad, sandy dissipative beach, located on the southern coast of 

mainland New Zealand (46˚ 23’ S, 168˚ 11’ E; Figure 1.3), and is the secondary study 

site for this research. Situated 10 km west of Invercargill, this exposed westerly-

oriented beach stretches approximately 32 km alongshore, is fronted by a wide surf 

zone, and is primarily valued for its recreational uses. The flat back-beach contains a 

narrow band of A. arenaria-dominated dunes (Figure 1.5), and is flanked by grazed 

farmland across a series of modified relic dunes (Robertson and Stevens, 2008). 

 

The dunes of Oreti Beach were historically exposed to heavy grazing which caused a 

reduction in native dune plant species and the subsequent movement of sand inland 

(Robertson and Stevens, 2008). A. arenaria was, therefore, introduced for erosion 

control and to protect inland pasture and forests from wind-blown sands. The 

dominance of A. arenaria, however, resulted in morphological change similar to that of 

Mason Bay, with relatively immobile dunes being created to the detriment of native 

species. The modern dunes of Oreti Beach contain very little natural value, with a 

homogenous cover of invasive species such as A. arenaria and Lupinus arboreus 

(yellow tree lupin). Continual disturbance by vehicles and in some places, excessive 

grazing by cattle (Robertson and Stevens, 2008) is a common occurrence at Oreti 

Beach.  

 

Strong onshore wind events at Oreti beach result in a continual supply of sand and 

nutrients to the foredune (Hilton, 2000) giving rise to a population of vigorously 

flowering A. arenaria. The dominance and invasiveness of this flowering population 

make Oreti Beach an ideal location for investigating the processes of A. arenaria seed 

dispersal and establishment. It is climatically and ecologically similar to Mason Bay, 

and is also highly accessible, which aids in the monitoring of short-term field 

experiments.  
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Figure 1.5: The A. arenaria-dominated foredune at Oreti Beach, Southland.  

 

1.8 Thesis Structure 

Chapter One has provided the context for this thesis and has established the current 

state of A. arenaria seed ecology research, both in New Zealand and abroad. A. 

arenaria establishes through both vegetative and sexual reproduction; however, little is 

known about the seed ecology of this species, particularly in the foredune environment 

where A. arenaria forms a dense flowering canopy. It is intended that this thesis will 

further the understanding of the sexual reproduction of A. arenaria, by providing a 

systematic evaluation of the research objectives outlined in Section 1.6. These 

objectives are addressed through a series of empirical investigations in Chapters Two – 

Five, each chapter examining a different aspect of the sexual regeneration of A. 

arenaria.  

 

The production of seed on an A. arenaria-dominated foredune is examined in Chapter 

Two. This was done through a series of transect surveys, examining the density and 

heights of flowering A. arenaria plants across the foredune landscape (Research 

Objective One). The dispersal of A. arenaria seed is investigated in Chapter Three, 

with particular regard to the influence of the foredune plant canopy on dispersal 
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characteristics. This includes an analysis of the primary and secondary dispersal of 

seed, through surface mapping and seed tracing experiments (Research Objective Two). 

Chapter Four assesses the importance of light as a trigger for A. arenaria seed 

germination, and the subsequent significance of light on seedling survival. A series of 

in situ germination and survival experiments were conducted in the foredune to assess 

this aim, analysing the emergence and growth rates over time (Research Objective 

Three). Chapter Five provides a quantitative assessment of the relative density of the A. 

arenaria seed bank through core sampling and viability testing across the foredune 

landscape. Various landforms are considered in relation to the varying burial depths, 

and the seed viability rates within the foredune and deflation environments (Research 

Objective Four). The relevant literature of each investigation is reviewed in each 

chapter, and the methodology and results are discussed. 

 

Chapter Six synthesises the results of Chapters Two – Five in relation to the 

implications of the current findings for the future eradication and management of A. 

arenaria. The trajectory of current eradication efforts is discussed, along with 

suggestions regarding future management decisions, in view of the present study’s 

findings. Chapter Seven summarises the main findings and conclusions of this thesis
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Chapter Two  

The production of Ammophila arenaria seed 

 

 

2.1 Introduction 

The spatial and temporal distribution of a species is non-random. Distribution is 

governed by processes and environmental factors that are important to the survival and 

persistence of a species in a particular habitat (Wildi, 2010). Patterns of distribution can 

vary in response to seasons and availability of resources, and can also be directly 

affected by a species reproductive strategy (Gibson, 2002). Determining the factors that 

affect seed production is, therefore, important as seed numbers are an integral 

component of plant fitness and population dynamics. The ecological factors influencing 

seed production can exert strong selective pressures on the evolution of plant 

reproductive strategies (Vaughton and Ramsey, 1995).  

 

The importance of seed production in coastal systems is often overlooked, although it is 

of fundamental importance in the colonization of previously unoccupied sites. Pioneer 

plant species, such as A. arenaria, are generally characterized by a high reproductive 

potential, high juvenile mortality rates (Sharitz and McCormick, 1973; Krajnyk and 

Maun, 1981), and the ability to reproduce vegetatively once established at a site. To 

identify the potential invasive threat of A. arenaria into the hinterland, it is important to 

understand the dynamics of seed production, in conjunction with dispersal and 

accumulation characteristics. The foredune is of primary importance as flowering is 

extensive in this area (Figure 2.1), and it is a relatively under-studied landform in 

relation to A. arenaria seed production. 

 

The primary objective of this chapter is to examine the relationship between seed 

production and the dune landscape, in particular, A. arenaria flowering height and 

flowering density across different zones of  densely vegetated, Type-1 foredune (after 
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Hesp, 2002). To address this aim, the Mason Bay foredune was surveyed, measuring: 

(i) the number of inflorescences across different foredune landforms; (ii) the vegetation 

density across the foredune; and (iii) the flowering height in relation to foredune 

landform diversity. The number of inflorescences was counted as a direct indicator of 

seed production; vegetation density was measured to examine the relationship between 

flowering density and vegetation density; and flowering height was measured to assess 

the potential implications of flowering stem height for seed dispersal on the foredune. 

Four transects were surveyed across the Mason Bay foredune using a stratified random 

sampling procedure, and the correlation between foredune landforms and the seed 

production indicators were statistically examined. The relationship between patterns of 

flowering density and the soil seed bank are discussed in Chapter Five. 

 

 

Figure 2.1: Prolific flowering on the stoss face of the Mason Bay foredune (source: 

Mike Hilton, 2012). 

 

2.2 A. arenaria seed production 

Estimates of A. arenaria crop sizes have been carried out by Salisbury (1942) and 

Salisbury (1952), with the most recent having been undertaken by Lim (2011) at Mason 

Bay, Stewart Island. These estimates revealed comparable results for A. arenaria and A. 

breviligulata, and are outlined in detail in Section 1.5.2.  
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The work of Lim (2011) is of particular relevance to this study. The analysis of seed 

production carried out by Lim (2011) comprised a broad spatial focus and examined 

seed crop size across different depositional environments in the Mason Bay dune 

complex. Lim (2011) investigated the seed crop size of six rear-dune environments, 

along with three foredune zones: the foredune face, foredune mid-zone, and backdune 

face. The foredune results were, however, combined to allow comparisons with the 

wider dune environment.   

 

The current study aims to increase the spatial resolution of Lim’s work by focusing 

solely on the Mason Bay foredune, and relating seed production across five foredune 

strata to the soil seed bank (Chapter Five). The five strata were chosen based on 

observed variations in vegetation characteristics, and evidence of variations in 

geomorphic processes across the five identified landforms (e.g. sand accumulation and 

wind regime; Hilton, 2013). Comparisons between these landforms offer an opportunity 

to gain an understanding of the relationship between sand deposition and A. arenaria 

seed production. 

 

2.3 Method 

Seed production across the Mason Bay foredune was analysed using a natural snapshot 

experiment. Natural snapshot experiments involve testing for significant differences in 

population attributes at a single point in time across various sites (Clements and 

Newman, 2002). In the case of this study, three seed production indicators were 

examined across different foredune landforms. Familiarity with the site was initially 

gained through a pilot study during the seed storage analysis (detailed in Section 5.3.2). 

This allowed for the correct variables to be selected. The efficiency of the quadrat 

sampling technique was tested and modifications were made during this study. 

 

An adapted stratified random sampling strategy was selected for the primary study, 

based on a methodology developed by Gibson (2002). This strategy targeted the five 

foredune landforms identified for this study and allowed sufficient replication to 

identify the influence of landform diversity in determining plant and flowering 
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distribution. The study involved a quantitative analysis including both continuous and 

discontinuous data collection. 

 

2.3.1 Field Site – Mason Bay 

The seed production analysis was carried out in the fourth parabolic dune of the central 

dune system (henceforth, K4; 46˚ 93’ S, 167˚ 76’ E) at Mason Bay, Stewart Island 

(Figure 2.2). K4 was chosen as it is relatively unmodified in terms of previous foredune 

studies at Mason Bay, and it is highly representative of the wider dune environment. 

The density of A. arenaria on the foredune is relatively uniform alongshore, with a 

band of flowering spanning its length. The population surveyed in K4 is reasonably 

typical of the alongshore foredune vegetation. 

 

 

Figure 2.2: K4 is the fourth parabolic dune in a series of six parabolic dunes in the 

central dune system at Mason Bay, Stewart Island. The study site is indicated by the 

white box over the foredune.  
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2.3.2 A. arenaria vegetation analysis 

The A. arenaria population was surveyed during the period 23
rd

 January 2014 – 27
th

 

January 2014, based on five foredune strata: the stoss face, stoss peak, plateau, mid-

plateau, and rear-plateau (Figure 2.3). These strata are subsequently used in the soil 

seed bank analysis (Chapter Five). A transect was established through the foredune 

population, and five 1.2 x 1.2 m quadrats were spaced evenly within each stratum by 

dividing the length of each stratum by five, and using this value as the distance between 

each quadrat. To randomise the location of each quadrat within stratum sections, a 

random number was generated to make a left or right decision, and an additional 

random number between one and five identified the distance to move left or right, 

perpendicular to the transect line. This method was repeated alongshore four times to 

give a total of 20 quadrats within each stratum (Figure 2.4).  

 

A series of critical descriptors were examined for each quadrat. First, the number of A. 

arenaria inflorescences were counted; second, the density of A. arenaria was estimated 

as a percentage cover using the Daubenmire scale (Daubenmire, 1959); and third, a 

random sample of 10 flowering stems were measured from the base to the tip of the 

inflorescence. The Daubenmire scale was chosen to address the uncertainty associated 

with estimating cover abundance (Daubenmire, 1959). In addition, a sample of 10 

flowering stems was taken from inside or within the vicinity of each quadrat to analyse 

the seed crop size across the five foredune landforms. However, due to the timing of 

sampling the seed had not yet developed and accurate estimates could not be made. 
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Figure 2.3: A surveyed profile of the K4 foredune, Mason Bay, indicating the five 

strata identified for this study. High water = high tide on the day of surveying. VE = 5. 

 

 

Figure 2.4: A schematic of the random stratified sampling strategy used to examine 

seed production on the foredune.  

Transect Transect Transect Transect 

Stoss face 

Stoss peak 

Plateau 

Mid-plateau 

Rear-plateau 
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2.3.3 Statistical analysis 

To analyse the patterns of seed production across the Mason Bay foredune, three key 

indicators were examined. Calculations were completed using IBM SPSS Statistics 

(SPSS Inc,; version 22). One-way Analyses Of Variance were performed on the 

dependent variables inflorescence number, vegetation density, and stem length, with 

foredune landform as the independent factor. Inflorescence number was tested as the 

total number of inflorescences in each quadrat, vegetation density as the Daubenmire 

range class midpoint for each quadrat, and the average stem length was based on the 

mean value of the 10 stems measured in each quadrat. LSD and Bonferroni Post hoc 

comparisons were used to compare single and multiple significance levels, and the 

normality of each Analysis of Variance was validated by Levene’s Equal Variances 

Test. A value of one was added to each of the inflorescence counts and the data set was 

log-transformed (log10 (x + 1)) to meet normality and homogeneity assumptions of 

Analysis of Variance (α = 0.05). Detailed results of these tests can be found in 

Appendix I.  

 

2.4 Results 

2.4.1 Inflorescence density  

The density of inflorescences was a direct indicator of seed production on the Mason 

Bay foredune. There was a highly significant difference in the number of inflorescences 

present across the five foredune strata (one-way ANOVA: d.f. = 4, F = 31.822, P = 

0.000). The total number of inflorescences was significantly higher on the stoss face 

with numbers decreasing inland (Table 2.2). Values were relatively similar for the 

plateau and mid-plateau. 

 

The Bonferroni multiple comparisons test (Appendix II) showed individually 

significant differences between the stoss face and all other sites (P = 0.000), and 

between the stoss peak and the rear-plateau (P = 0.020). This indicates that the stoss 

face is the primary zone of seed production on the Mason Bay foredune, with some 

flowering extending towards the stoss peak. 
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Table 2.1: Basic descriptive statistics for the total number of inflorescences per m
2
. 

Values are the total number of inflorescences. 

 

  Minimum Maximum Mean Std. dev. Median 

Stoss face 4 140 38 33 32 

Stoss peak 0 18 5 6 2 

Plateau 0 17 2 4 1 

Mid-plateau 0 10 2 3 1 

Rear-plateau 0 2 1 1 0 

 

2.4.2 Vegetation density  

The A. arenaria vegetation density was measured to examine the relationship between 

flowering density and vegetation density on the Mason Bay foredune. Vegetation 

density differed significantly across the five foredune zones (one-way ANOVA: d.f. = 

4, F = 3.041, P = 0.021). The canopy was densest on the rear-plateau, which had an 

average vegetation density of 79.4%, followed by the stoss face, where the mean 

vegetation cover was 76.6% (Table 2.1). The stoss peak had the lowest mean value of 

66.3%, which was slightly lower than the plateau and mid-plateau. 

 

According to the Bonferroni test (Appendix II), the only significant difference when 

comparing each site with one another, was between the stoss peak and the rear-plateau 

(P = 0.026). This result suggests a relatively uniform canopy density across the 

foredune, as a significant difference was only present between the two most extreme 

values.  

 

Table 2.2: Basic descriptive statistics for the vegetation density per m
2
. Values are 

given as percentages, based on the midpoint classes of the Daubenmire scale.  

 

  Minimum Maximum Mean Std. dev. Median 

Stoss face 62.5 97.5 76.6 12.1 85 

Stoss peak 37.5 97.5 66.3 14.9 62.5 

Plateau 37.5 85 71.4 13.8 62.5 

Mid-plateau 37.5 85 70.1 15.6 62.5 

Rear-plateau 62.5 85 79.4 10.0 85 
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2.4.3 Average flowering stem length 

The final indicator, average flowering stem length, was measured on the Mason Bay 

foredune as it is likely to have implications for the dispersal of seed. The average 

flowering stem length did not vary significantly across the five foredune landscapes 

(one-way ANOVA: d.f = 4, F = 0.605, P = 0.66), and the mean and median stem 

lengths were all relatively similar (Table 2.3). There was, however, one stoss face 

quadrat with considerably higher stems, containing the highest maximum stem length 

in the foredune environment (Table 2.3). This value of 122 cm was 15 cm higher than 

the nearest maximum which occurred on the rear-plateau. 

 

Table 2.3: Basic descriptive statistics for the average stem length dataset. Values are 

given in cm. 

 

  Minimum Maximum Mean Std. dev. Median 

Stoss face 66 122 83 14 81 

Stoss peak 55 102 79 13 78 

Plateau 74 94 82 6 83 

Mid-plateau 67 100 83 10 83 

Rear-plateau 69 107 88 14 84 

 

2.5 Discussion 

2.5.1 Inflorescence density 

The current study found that flowering was greatest on the stoss face of the Mason Bay 

foredune. This is likely due to the nutrients provided by salt spray and sea foam on the 

stoss face, and perhaps the accumulation of organic material and fresh supply of sand in 

this environment. Site quality influences plant fitness and also has a direct effect on the 

resources available for reproduction (Nathan and Muller-Landau, 2000). If a plant has a 

greater supply of nutrients, more resources can, therefore, be allocated to the production 

of seed (Fenner, 1986). 

 

Salt spray is important on the stoss face as seawater contains all of the essential 

nutrients required for the growth of terrestrial plants (Maun, 2009). The foliage of A. 
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arenaria is highly resistant to salt spray (Sykes and Wilson, 1989), allowing the soil of 

the stoss face to be enriched with essential nutrients without killing the plants. Sea foam 

is also an important source of nutrients on sea coasts, as it contains approximately 25% 

solid material consisting of bacteria, diatoms, and fragments of phyto- and 

zooplanktons (Wilson, 1959). The total nitrogen content of sea foam is also much 

higher than salt spray, at approximately 235 ppm, compared with 11.5 ppm (Maun, 

2009). The distribution of plants, plant morphology, and nutrient cycling in coastal 

ecosystems is said to be strongly influenced by the influx of windborne salts and 

nitrogen-rich sea foam (Wilson, 1959; Clayton, 1972). 

 

Organic material is also likely to contribute nutrients to the stoss face that are essential 

for the growth and seed production of A. arenaria. Material such as seaweed, detritus 

and animal carcasses are transported onto the stoss face during high wave events and 

periods of inundation. Inland sections of the dune are not exposed to these events, and 

therefore, have a limited supply of nutrients. This material along with bird droppings is 

an important source of nitrogen, phosphorous and potassium for pioneer plants 

occupying the stoss face (Maun, 2009).  

 

The small supply of sand to the stoss face under constant low-intensity wind conditions 

(Peterson, 2010), may contribute somewhat to the increased fertility in this 

environment. Huiskes (1979) suggested that, although the factors controlling the 

initiation of A. arenaria inflorescence formation are not known, inflorescences are 

mainly found in areas of mobile sand. Hope-Simpson and Jefferies (1966) and 

Wiedemann (1987) additionally claimed that prolific flowering is certainly correlated 

with sand accretion. Similar responses occur in A. breviligulata, as a significant 

positive correlation exists between sand accretion and the ratio of flowering to non-

flowering culms (Eldred and Maun, 1982; Maun, 1985). The overall accretion rate on 

the stoss face at Mason Bay is not high (Figure 2.6), suggesting that continual burial is 

not likely the primary reason for high plant fertility in this area. The supply of sand 

under low-intensity wind may facilitate plant growth; however, the nutrient input from 

salt spray and sea foam is likely key to reproduction.  
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The continual supply of nutrients provided from salt spray, sea foam, and decaying 

organic matter, would allow a greater proportion of the overall plant resources to be 

devoted to seed production. These factors have less of an effect inland of the stoss face, 

resulting in lower seed production in the other four zones. Other sources of nutrients 

such as diazotrophic bacteria, precipitation, leaching and dry fall-out from the 

atmosphere can also affect plant growth and seed production (Maun, 2009); however, 

these factors are likely to be continuous across the width of the foredune.  

 

2.5.2 Vegetation density 

The relationship between vegetation density and flowering density was not clear. 

Although vegetation density and flowering density were both high on the stoss face, the 

peak in vegetation density occurred on the rear-plateau, where very little flowering 

occurred. This finding perhaps suggests that the two variables are unrelated, and 

separate processes are determining the varying densities across different landforms. 

Whilst it is evident that the provision of nutrients through salt spray, sea foam, and 

organic material are important in producing seed, it is likely that the advent of 

disturbance (accretion and erosion), is the key process determining vegetation density.  

 

The canopy density on the rear-plateau is likely related to sedimentation rates, as more 

prolific and dense stands of Ammophila species are expected where accretion rates are 

greatest (Disraeli, 1984). A sedimentation study on the Mason Bay foredune suggested 

that most of the sand transported onshore, in suspension, is deposited on the mid- to 

rear-plateau (Hilton, 2013; Figure 2.5). This is likely contributing to the higher 

vegetation density in this area. However, the accretion rates on the stoss face were not 

as great, indicating that vegetation density may be influenced by more than one factor. 

The stoss face is relatively stable and experiences only minor deposition during onshore 

southerly and southwest winds (Hilton, 2013). Disturbance is likely to be an important 

factor in this environment, given that sand is frequently eroded due to the steeper slope 

of the stoss face. The plant canopy on the plateau and mid-plateau were also relatively 

dense, probably owing to the high accretion rates in this area as well (Figure 2.6). 
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Explanations for the increased vegetation density under increasing accretion have been 

debated for over a century (Eldred and Maun, 1982); however, no consensus has been 

reached. The plant’s stimulation response to burial is likely to relate directly to light 

and temperature, but may also be influenced by multiple factors. Such factors include: 

increased soil volume, increased soil resources, increased mycorrhizal fungi activity, a 

higher sink capacity, and a physiological hormonal response by the plant (Maun, 2004). 

In Ammophila species, the individual plant and overall stand vigour is said to be 

positively influenced by sand burial (Disraeli, 1984), and shoot biomass has a strong 

positive correlation with sand deposition levels (Eldred and Maun, 1982). Maun (2009) 

suggested that this is likely due to a combination of the aforementioned factors, but 

primarily due to the increased volume of soil into which buried plants can expand, and 

the increased mycorrhizal fungi activity which is highly beneficial to Ammophila 

plants.  

 

Vandegehuchte et al. (2010) speculated that biotic soil components may have more of 

an influence on plant growth than abiotic factors. In a laboratory-based study on A. 

arenaria seedlings, they found that the formation of roots, and therefore growth, was 

increased by the presence of soil biota in sands sourced from accretionary sites. Where 

the trend is accretionary, soil organisms that affect the allocation of resources to 

different plant parts may be more prevalent (Vandegehuchte et al., 2010). These results 

suggest that vegetative growth on the Mason Bay foredune may be influenced by the 

biotic soil component, as well as abiotic factors such as accretion and erosion. 

However, Van der Putten et al. (1988) and Van der Putten et al. (1993) argued that the 

biotic factors present in rhizosphere sand were harmful to the growth of A. arenaria. It 

is, therefore, uncertain as to the effects of soil organisms on A. arenaria growth, and 

how this may vary spatially within a dune system.  

 

Despite the variation in means described above, the Bonferroni multiple comparisons 

test indicated that the vegetation density across the foredune is relatively similar. A 

statistically significant difference occurred only between two sites, the stoss peak and 

the rear-plateau. Reasons for this may be similar to those described above, as accretion 

rates on the stoss peak are low, relative to the rear-plateau (Figure 2.6). Burial supplies 

plants with nutrients important for growth (Sykes, 1987); therefore, plant density would 
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be reduced under lower rates of sand burial. Overall, the results of this study suggest 

that the density of A. arenaria plants on the Mason Bay foredune is positively 

correlated with sand accumulation and disturbance. 

 

 

Figure 2.5: Sand accumulation estimates from the Mason Bay foredune, October 2012 

to August 2013 (redrawn from: Hilton, unpublished data. 2013). High water = high tide 

on the day of surveying. VE = 2.7. 
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Figure 2.6: Foredune development since 1999, Mason Bay, Stewart Island (redrawn 

from: Hilton, unpublished data. 2013). High water = high tide on the day of surveying 

(October 2012). VE = 14.5. 

 

2.5.3 Average flowering stem length 

The present study has shown that there is no correlation between the length of 

flowering stems and landform diversity. The length of flowering stems was measured 

as in indicator of plant productivity, and to consider the potential implications of 

flowering stem height for seed dispersal. This finding suggests that the process of seed 

dispersal may not be affected by the height of flowering stems.  

 

The average stem lengths for each of the five foredune landforms were relatively 

similar, ranging between 79 cm and 88 cm. The quadrat with considerably higher stems 

on the stoss face appeared to be an outlier, as the other averages were within a closer 

range. This result indicates that micro-environmental conditions do not appear to affect 

flowering stem length on the Mason Bay foredune. It is important to note, however, that 

stem measurements were not taken in quadrats where there were no flowering stems 

present. The replication for each zone therefore differed, which may have affected the 

outcomes of the statistical analysis. 

 

Very little research has been done regarding flowering stem height and seed production, 

though Knapp (1984) examined the effects of drought on the flowering stem heights of 
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three prairie grasses. No difference was found between irrigated and drought 

conditions, although reproduction was lower in the unwatered plants during the period 

of drought. This perhaps indicates that stem height is not directly influenced by external 

factors and is more closely associated with the plants vegetative growth. The number of 

inflorescences and their characteristics may be influenced by the varying conditions 

associated with landform diversity; however, the individual stems do not appear to be 

affected.  

 

An extended analysis of the height of each flowering stem above the plant canopy 

would be an interesting addition to the current study to assess the implications of 

flowering height above the canopy on seed dispersal. Observational evidence during 

sampling suggested that flowers may be comparatively higher above the canopy on the 

stoss face. Due to time constraints and wind conditions, however, this was beyond the 

scope of the present study. The analysis would need to be done under low wind speeds 

to obtain an accurate measure of the position of the inflorescences in relation to the 

canopy. The A. arenaria canopy was too motile due to high wind speeds during the 

period of sampling; therefore, accurate measures were unattainable. 

 

2.5.4 Seed crop size 

The number of seeds produced by a single inflorescence or flowering plant is an 

important indicator of a community’s reproductive output, and thus, the potential for 

invasion into the dune hinterland. This study intended to analyse the variations in the A. 

arenaria seed crop size and fertility across the five foredune landforms; however, the 

timing of sampling meant that seed had not yet developed across the foredune sampling 

sites. The flowering population on the Mason Bay foredune is a source of seed for the 

soil seed bank (examined in Chapter Five), and represents a potential source of seed for 

invasion into the dune hinterland. It is thus, important to understand the foredune 

fertility rates. Estimates have been previously made by Salisbury (1942), Salisbury 

(1952) and Lim (2011) (Section 2.2), though particular focus to the primary area of 

seed production, the foredune, has not yet been given.  
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The seed production estimates in A. arenaria by Lim (2011) were based on fecundity 

rather than fertility; therefore, the actual seed production rates on the Mason Bay 

foredune are not known. It would be valuable to consider the fertility rates, in order to 

assess the amount of energy devoted to sexual reproduction in A. arenaria, and the 

subsequent likelihood of invasion into the dune hinterland. Kubien (1970) reported a 

high viability of pollen (77–90%) in A. arenaria, so, fertility levels may be higher than 

previous estimates of A. breviligulata. Krajnyk and Maun (1982) and Maun (1985) 

have suggested that only a small proportion of florets on A. breviligulata inflorescences 

contain normal, well-developed caryopses. Krajnyk and Maun (1982) proposed that 

infertile pollen, self-incompatibility, pollen shortage, adverse predispersal conditions, 

and damage by disease or insects, are the probable causes for the 20–48% fertility rates 

 

2.6 Chapter summary 

The current study has determined that the primary area of seed production on the 

Mason Bay foredune is the stoss face. This study increased the spatial resolution of 

previous work carried out by Lim (2011), who established that the foredune had the 

highest estimated seed crop within the Mason Bay dune complex, except for the 

comparatively smaller backdune nabkha. The spatial extent of the foredune makes this 

an area of primary importance, as it is a potential source of seed for the seed bank, and 

future A. arenaria invasion into the hinterland. The present study, therefore, 

systematically surveyed the foredune using a stratified random sampling technique to 

assess variations in seed production across different landforms.  Three key variables 

were analysed across the five foredune strata as an indication of the reproductive 

potential: (i) the number of inflorescences; (ii) vegetation density; and (iii) average 

flowering height.  

 

(i) The total number of inflorescences was significantly higher on the stoss 

face, with quantities decreasing inland. The provision of nutrients through 

salt spray, sea foam, and organic material supplied through inundation, 

would allow for a greater proportion of the overall plant resources to be 

devoted to seed production on the stoss face.  
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(ii) The processes relating to vegetation density appear to be unrelated to those 

associated with flowering density. Vegetation density was significantly 

different across the foredune, with the highest mean values occurring on the 

rear-plateau and the stoss face. This was probably due to the higher 

sedimentation rates on the rear-plateau, and the advent of disturbance 

(accretion/erosion) on the stoss face. 

 

(iii) The average flowering stem length did not vary significantly across the five 

foredune landscapes. This suggests that stem height may not have 

implications for seed dispersal. Micro-environmental conditions, therefore, 

do not appear to affect the flowering stem length on the Mason Bay 

foredune. Stem height is likely to be more closely associated with the plants 

vegetative growth, as opposed to external factors directly. 

 

The results of this study have indicated that flowering density is greater on the stoss 

face, compared with inland areas on the Mason Bay foredune. The systematic 

evaluation undertaken in the current study allows for important comparisons to be made 

between the patterns of seed production, seed dispersal, and the soil seed bank. These 

trends are discussed in Chapter Three and Chapter Five, along with the implications of 

the current findings for management in Chapter Six.  
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Chapter Three  

The dispersal of Ammophila arenaria seed 

 

 

3.1 Introduction 

Wind dispersal (anemochory) is regarded as one of the most important vectors in open 

environments (Jongejans and Schippers, 1999), and is the primary vector of dispersal 

for A. arenaria. Anemochory is important as it allows species to colonize new sites, and 

avoid the often unfavourable conditions at the parent site (McEvoy and Cox, 1987). 

This method of dispersal occurs in two phases: (i) primary dispersal which involves the 

initial movement of seeds from the inflorescence to its first settling point; and (ii) 

secondary dispersal which encompasses any subsequent movement prior to germination 

(Gibson, 2002). The primary and secondary dispersal of A. arenaria seed has not yet 

been studied in detail, particularly in a densely vegetated foredune environment.  

 

Huiskes (1979) and Wiedemann (1987) have provided basic descriptions of the 

structure of A. arenaria seed and the vector of dispersal (Section 1.5.3). Pope (2005) 

conducted a comparative analysis of the seed dispersal characteristics of A. arenaria 

and F. spiralis and found that A. arenaria is suited to aerial dispersal due to its 

aerodynamic shape and the basal hairs that assist in both flight and anchoring upon 

landing. He suggested that the majority of seeds (78%) on a flat bed fall within 1 m of 

the source of release during primary dispersal, under wind speeds of 2.3 – 4.2 ms
-1

. A. 

arenaria seeds also travelled up to 20 m along an unobstructed sand surface under 7.1 

ms
-1

 wind speeds during the secondary phase of dispersal. These experiments, however, 

were conducted on flat sand. It is not clear how seeds would behave in a vegetated 

foredune. The current study, therefore, focused specifically on seed dispersal within a 

vegetated foredune, where the majority of seed is likely to be produced and dispersed in 

an Ammophila-dominated dune system. 
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Primary and secondary seed dispersal were examined on the Mason Bay and Oreti 

Beach foredunes, focusing on: (i) the accumulation of seeds on the ground surface of 

the foredune and relating this to the patterns of seed production examined in Chapter 

Two; (ii) the dispersal characteristics of seeds surrounding a foredune blowout; and (iii) 

the secondary movement of seeds along the ground and the influence of the vegetation 

canopy in the foredune. The ground surface survey consisted of a stratified random 

sampling procedure, using transects to determine the distribution of dispersed seed on 

the Mason Bay foredune. The second investigation used an indirect approach to 

measuring seed dispersal, by trapping caryopses in an array of pot traps around a 

foredune blowout at Mason Bay over an 8 week period. The final investigation 

involved the release and tracking of coloured seeds within the foredune plant canopy at 

Oreti Beach. Short-term and longer-term secondary dispersal were examined at Oreti 

Beach over a 15 day period.  

 

3.2 Seed dispersal on coastal dunes 

The dispersal of seeds on coastal dunes is primarily influenced by source height, 

vegetation density, the dispersability of seed, and the characteristics of the dispersal 

vector (Harper, 1977; McEvoy and Cox, 1987). Biotic factors such as seed size and 

structure are important determinants of seed dispersal and can influence the quantity of 

seeds dispersed and the distance over which seeds can travel. Dispersion patterns are 

influenced by the spatial pattern of reproductive adults and their seed output (Nathan 

and Muller-Landau, 2000), along with the characteristics of surrounding vegetation.  

 

Seed dispersal is often limited in environments where vegetation is tall and dense 

(McEvoy and Cox, 1987; Redbo-Torstensson and Telenius, 1995). Watkinson (1978) 

and Carey and Watkinson (1993) have studied coastal seed dispersal in detail, and 

found that the denser the vegetation cover, the shorter the distance travelled by the 

seed. A significant positive correlation was also found between inflorescence height 

and dispersal distance; however, further investigation is required to establish this 

relationship in A. arenaria seed dispersal (Section 2.5.3). Similar results were found by 

Jongejans and Schippers (1999) in a grassland experiment, where an increase in 

surrounding vegetation height resulted in smaller median dispersal distances. 
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Surrounding vegetation is suggested to reduce dispersal distances by reducing wind 

speed and disrupting the path of dispersing seeds (McEvoy and Cox, 1987). If 

flowering stems are shorter than surrounding vegetation, dispersal is likely to be 

disrupted (Soons and Heil, 2002).  

 

Abiotic factors also influence the dispersal of seeds on coastal dunes. The distance and 

direction of seed dispersal is often difficult to determine due to small-scale variations in 

wind behaviour as a result of variations in topography, and the highly variable weather 

conditions under which seed may be released (Nathan and Muller-Landau, 2000). For 

example, the frequency and intensity of extreme wind events is said to have the greatest 

influence over seeds dispersed by wind (Soons et al., 2004). High atmospheric 

humidity can also affect seed dispersal by matting external hair-like structures. The 

characteristics of the ground surface can furthermore affect dispersal patterns, with 

seeds being preferentially deposited or retained on specific microsites (Nathan and 

Muller-Landau, 2000; Maun, 2009). 

 

Given the density of the foredune plant canopy at Oreti Beach and Mason Bay (Section 

2.5.2), it is expected that the distance of seed dispersal will be limited. Under low wind 

speeds, dispersal is likely to be limited to a few metres, and under high wind speeds, 

observational evidence suggests that the A. arenaria inflorescences do not remain erect. 

This indicates that seeds are likely to be released at a similar height to the surrounding 

vegetation, which is likely to reduce dispersal distances by interrupting the dispersal 

path. The complex foredune topography, particularly at Mason Bay, may also cause the 

topographic steering of wind and likewise, the disruption of the dispersal process. It is 

anticipated that a significant proportion of seed produced on the foredune will be 

dispersed only a short distance and remain within the foredune area. 

 

3.3 Secondary seed dispersal 

The secondary dispersal of seeds along the ground surface is an important dispersal 

mechanism for plants from a range of habitats. It can greatly affect seed shadows and 

increase dispersal distances (Nathan and Muller-Landau, 2000; Schurr et al., 2005). 
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Secondary dispersal principally occurs on low-friction surfaces such as snow, ice or 

sand (Greene and Calogeropoulos, 2002), and continues till the seed germinates, 

becomes permanently trapped or buried, or until its dispersal structure has deteriorated 

(Greene and Johnson, 1997). Erosion processes such as wind and water are common 

vectors of secondary dispersal, along with vertebrates, ants and beetles (Marthews et 

al., 2008). 

 

On coastal dunes, factors such as rainfall, surface slope, surface roughness, seed size, 

and wind speed and direction, are most likely to influence the probability and range of 

secondary dispersal (Johnson and Fryer, 1992; Redbo-Torstensson and Telenius, 1995). 

Secondary movements generally occur when rainfall is limited, when wind speeds are 

high near the sand surface, and when there are few obstacles to impede seed movement. 

Turbulent eddies can also promote the secondary transport of small seeds, by 

suspending seeds in an airborne phase of secondary movement (Schurr et al., 2005). 

 

Watkinson (1978) investigated the secondary seed dispersal of winter annual grass 

Vulpia fasiculata on two dune systems in North Wales. The majority of seed movement 

along the ground occurred during periods of strong winds and heavy rain, and was 

significantly affected by vegetation cover and burial by sand. In one trial, the majority 

of seeds had moved down an open slope and become entrapped in clumps by the shoots 

of an A. arenaria plant. Watkinson (1978) also noted that there was virtually no lateral 

movement of seeds by abiotic agents within a closed plant canopy. The distance of seed 

movement along the ground in coastal dunes is, therefore, strongly dependent on the 

extent of plant cover, the amount of sand movement, and the occurrence of strong 

winds and rainfall during dispersal.  

 

The abiotic factors at Oreti Beach and Mason Bay are ideal for secondary seed 

dispersal, as these coastlines are frequently exposed to significant onshore winds. 

However, the density of the A. arenaria canopy is likely to impede secondary seed 

transport, even during high energy wind events. It is anticipated that the dense foliage 

of the A. arenaria canopy will have a sheltering effect, resulting in low wind speeds 

near the sand surface. The density of stems may also obstruct secondary movement at 
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both of the study sites. Seeds are likely to remain at the point of landing, or disperse 

only a few cm before their dispersal path is disrupted.  

 

3.4 Seed tracking techniques 

Seed dispersal by wind is a highly stochastic process and is influenced by variations in 

propagules, vectors, climatic conditions and the environment (Bullock et al., 2006). 

Anemochory is notoriously difficult to quantify, and it is particularly problematic to 

detect the rare or long-distance dispersal events of air-borne seeds (Bullock, 2012). It is 

also difficult to represent all environmental conditions in a single experiment as studies 

usually take place over only a few hours (Skarpaas et al., 2011). Plant dispersal is, 

therefore, a complex process which requires a detailed knowledge of underlying 

processes, vectors and tracking procedures.  

 

Seed dispersal can be measured indirectly and directly. Seed trapping is an indirect 

measurement and gives a time-integrated distribution of diaspore density at given 

locations (Lemke et al., 2009; Skarpaas et al., 2011). Alternatively, seed tracking 

follows a direct approach and measures individual diaspore movements from release to 

grounding, giving instantaneous dispersal distributions. Simply searching for seeds or 

seedlings can also give information about realised seed dispersal, and generally requires 

less time and effort than trapping and tracking (Greene and Calogeropoulos, 2002). A 

comprehensive overview of the field methods and experimental design for measuring 

plant dispersal is provided by Bullock et al. (2006).  

 

Seed trapping is widely used as a reliable estimate of diaspore accumulation at a given 

location; however, it does not provide information relating to the processes of dispersal 

(Lemke et al., 2009). Seed trapping also stops the dispersal process; therefore, 

overlooking any secondary movement. Seed tracking is an alternative method, and 

involves tracing propagules in real time while they are being transported, or relocating 

individuals once they have come to rest. Several techniques have been developed to 

trace seeds during dispersal, including: telemetric thread tags (Hirsch et al., 2012), 

radio-isotopes (Bullock et al., 2006), radio-transmitters (Tamura et al., 1999; Sone et 
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al., 2002; Pons and Pausas, 2007), and most commonly, fluorescent dust (Wang and 

Smith, 2002) or fluorescent paint (Bossard, 1990; Lemke et al., 2009). Fluorescent 

pigment is also a recognized means of tracing pollen transfer and dispersal (Waser and 

Price, 1982; Waser, 1988; Campbell and Waser, 1989).  

 

Due to its easy application and high recapture rates, the fluorescent marking and 

subsequent tracking with untravoilet light is deemed by Lemke et al. (2009) to be the 

most efficient and effective means of tracking wind-dispersed seeds, particularly those 

of a smaller size. This method was, therefore, used in the current study, with slight 

variations made to adapt to the sampling environment. Fluorescently painted seeds 

were used to examine secondary transport; however, the seeds were tracked during the 

day without the use of ultraviolet lights. A trapless method of examining seeds on the 

ground surface (Greene and Calogeropoulos, 2002), was also used in this study to 

analyse primary seed dispersal, along with a small-scale seed trapping experiment. 

 

3.5 Methods 

The trapless method of examining seeds on the ground surface was chosen for the first 

part of this study to avoid the logistical limitations associated with trapping in such a 

large and densely vegetated environment (Greene and Calogeropoulos, 2002). On the 

Mason Bay foredune where flowering is prolific, it would be difficult to isolate a single 

plant from conspecifics in order to identify the source of trapped seed with certainty. 

Based on the patterns of seed production determined in Chapter Two, generalizations 

can be made about the source of the surveyed seed, without the complexities associated 

with seed trapping over a large area. An opportunity was presented, however, to 

conduct a small-scale, indirect trapping investigation of the seed rain across the Mason 

Bay foredune. As with the first experiment, the dense foredune canopy meant that the 

source of seed was not isolated, although generalizations can be made about the source 

of seed given the prevailing onshore wind direction. The final investigation regarding 

secondary seed dispersal was conducted on the Oreti Beach foredune. This experiment 

used a methodology adapted from Redbo-Torstensson and Telenius (1995) and 

Watkinson (1978), and has been successfully implemented in similar dune 
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environments. This approach used a widely accepted technique for tracing seeds 

(Lemke et al., 2009); fluorescent paint.  

 

3.5.1 Field Sites – Mason Bay 

The dispersal of A. arenaria seed was examined at two dune systems in southern New 

Zealand: Oreti Beach and Mason Bay (Figure 1.3). Both coastlines have a westerly 

orientation at similar latitudes, Mason Bay is approximately 65 km south of Oreti 

Beach, and is exposed to a comparable climate and weather. A. arenaria-dominated 

foredunes also exist at the two sites, and both coastlines are sparsely populated, 

providing little opportunity for outside human interference. The experiment conducted 

at Oreti Beach examined the secondary seed dispersal of A. arenaria, whilst the Mason 

Bay experiment investigated the spatial distribution of A. arenaria seed in the foredune 

environment. 

 

Oreti Beach 

This Oreti Beach site provided an ideal opportunity to examine secondary seed 

dispersal due to the frequent onshore winds and the dense A. arenaria plant community 

present on this foredune. This site provided the three foredune environments identified 

for this study; stoss face, stoss peak and plateau, and was easily accessible allowing for 

regular monitoring of the experiment. The Oreti Beach site is outlined in detail in 

Section 1.7.2. 

 

Mason Bay 

The dispersed seed mapping and seed trapping components of this chapter were carried 

out in the K4 parabolic at Mason Bay, Stewart Island. This is the primary field site for 

this thesis and is used to allow for important comparisons to be made between the 

different facets of sexual reproduction. The results of the current chapter correlate 

closely with the seed production analysis undertaken in Chapter Two; therefore, 

important conclusions can be drawn by using the same field site. The general suitability 



50 

 

of this site for investigating the sexual reproduction of A. arenaria is outlined in 

Section 1.7.1 and Section 2.3.1. 

 

3.5.2 Distribution of dispersed seed 

Seed dispersal was investigated on the Mason Bay foredune (29
th

 March 2014 – 1
st
 

April 2014) by examining the distribution of A. arenaria seed on the ground surface 

across five foredune landforms; the stoss face, stoss peak, plateau, mid-plateau, and 

rear-plateau. The trapless method for examining seed dispersal has been used to assess 

the dispersal of tree seeds (Augspurger and Hogan, 1983), along with a similar 

variation whereby seedlings have been surveyed along transects (Ribbens et al., 1994; 

Greene and Calogeropoulos, 2002). No evidence was found, however, of this technique 

being applied to the dispersal of grass seed. The present study has provided the first 

systematic evaluation of dispersed seed on the soil surface in A. arenaria, and 

potentially across many grass species. 

 

An adapted random stratified sampling strategy was used, based on a methodology 

developed by Gibson (2002). This strategy was similar to the approach used in Section 

2.3.2, allowing important comparisons to be made between the patterns of seed 

production and seed dispersal. This strategy captured the range of landforms identified 

to address the aims of this study, and allowed sufficient replication to identify the 

patterns of actual dispersed seed across the foredune landforms. A detailed explanation 

of the sampling strategy is provided in Section 2.3.2. The critical indicator in the 

current study was the quantity of dispersed seed on the ground surface; therefore, the 

number of seeds and whole inflorescences on the ground surface were counted in each 

1.2 x 1.2 m quadrat. 

 

3.5.3 Foredune seed rain 

An experiment was conducted from the 1
st
 February 2014 – 29

th
 March 2014 on the 

Mason Bay foredune, with the goal of studying beach-dune interactions. This provided 

the opportunity to examine seed dispersal through, and adjacent to a trough blowout 

(after Hesp, 2002) in the foredune. The caryopses of A. arenaria were trapped over an 8 
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week period during the seed maturation phase, using an array of 34 pot traps; 24 of 

which were arranged around the blowout, and 10 that were situated in an adjacent line, 

perpendicular to the coast (Figure 3.1). This array was chosen to encapsulate seed 

dispersal through a disturbed section of the foredune where a blowout had formed, and 

over a non-disturbed section of the foredune. The source of seed was not isolated in this 

study; therefore, the seeds trapped at each site were a representation of the seed rain 

(the fall of wind-dispersed propagules to the soil surface) for that location.  

 

The wind conditions for this site were monitored using a temporary automatic weather 

station. The weather station was situated on the plateau of the K4 parabolic, and 

recorded the mean hourly gust, maximum gust and wind direction over the 8 week trial 

period. Recording the local wind conditions for the site allowed for important 

comparisons to be made between wind speed and direction, and the characteristics of 

foredune seed dispersal. 

 

 

Figure 3.1: A topographic 3D map of the foredune seed rain survey area. The cross 

symbols represent the position of the seed traps. NB. Six seed traps were positioned 

beyond the reach of the topographic survey (shown in Figure 3.5).  
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3.5.4 Secondary seed dispersal 

The secondary transport of A. arenaria seed was examined on the stoss face, stoss peak 

and plateau of the Oreti Beach foredune, from the 29
th

 January 2014 – 13
th

 February 

2014 (Figure 3.2). Prior to release, the seeds were air-brushed orange to facilitate 

detection and to distinguish between experimental and non-experimental seeds (Figure 

3.3). Spray-painting is said to increase seed weight appreciably (Katul et al., 2005); 

therefore, an airbrush method developed by Lemke et al. (2009) was employed. The 

average weight of the A. arenaria seeds used in this experiment was 0.0044 g, which 

increased by an average rate of 31% during the painting process. The distance of 

secondary dispersal was examined after 2 hours, 4 hours, 24 hours and 336 hours (15 

days), by releasing the coloured seeds in the stoss face, stoss peak and plateau (Figure 

3.2). Three replicates of 20 seeds were established in each environment, with the 

release location marked by a skewer flag. The seeds were placed within a 4 x 4 cm 

square around the skewer, as seeds are often found in clumps beneath the mother plant 

(Redbo-Torstensson and Telenius, 1995), or accumulating in depressions in the sand 

(Maun, 2009). A total of 60 seeds were released in each of the three foredune 

environments.  

 

The short-term effects of wind on secondary seed dispersal were examined by 

searching for seeds on the ground surface at each site, 2 and 4 hours after release. The 

distance of transport from the 4 x 4 cm release square was measured and the direction 

of transport was recorded. Longer-term secondary dispersal was also examined by 

searching within a 1 m radius of each release point 15 days after the initial release. 

Upon completion, the seeds remaining on the surface were removed and a 40 x 40 cm 

area surrounding the point of release was removed in 10 x 10 x 4 cm deep soil samples 

to establish the proportion of seeds that had entered the seed bank. The soil samples 

were dried and sieved, and the distance from the release point was recorded. Seeds 

found within the release square were considered not to have moved horizontally. This 

methodology was adapted from Redbo-Torstensson and Telenius (1995), who 

conducted a similar study analysing the secondary seed dispersal of Spergularia salina.   
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The wind conditions over the 15 day trial period were collected from the Invercargill 

Airport weather station, to examine the relationship between wind speed and direction, 

and secondary seed dispersal. This data was recorded in hourly increments and included 

the mean wind speed (ms
-1

) and direction (degrees), which were calculated as an 

average of the 10 minute period leading up to the corresponding hour. The maximum 

gust was additionally included, which was the highest 3 second gust recorded across the 

hour. This data was sourced from the Meteorological Society of New Zealand 

(MetService).  

 

 

Figure 3.2: A surveyed profile of the Oreti beach foredune, indicating the three 

foredune strata identified for this study. High water = high tide on the day of surveying. 

VE = 2.3. 

 

3.5.5 Statistical analysis 

A one-way Analysis of Variance and Levene’s Equal Variances Test was run to 

determine if there were differences in the quantity of dispersed seed across the Mason 

Bay foredune. This was undertaken using IBM SPSS Statistics (SPSS Inc,; version 22). 

The quantity of dispersed seed was used as the dependent variable, with landform 

diversity as the independent factor. The data was log + 1 transformed (log10 (x + 1)) to 

meet the normality and homogeneity assumptions of analysis of variance (α = 0.05). 

The secondary seed dispersal at Oreti Beach and the patterns of dispersed seed at 

Mason Bay were examined in the second statistical analysis. The secondary seed 

dispersal data was non-parametric; therefore, a Kruskal-Wallis test was used to 

compare the seed dispersal distances of the three independent environments. The seed 

dispersal distance was the dependent variable in this analysis, with landform diversity 
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as the independent variable. Pairwise comparisons were conducted to identify the 

individual significant comparisons. Detailed results of these analyses are presented in 

Appendices I, II and II.  

 

 

Figure 3.3: A. arenaria seeds before (left) and after (right) painting. 

 

3.6 Results 

3.6.1 Distribution of dispersed seed 

The distribution of dispersed seed quantities on the surface varied significantly across 

the five foredune strata (one-way ANOVA: d.f. = 4, F = 14.742, P = 0.000). Seed 

cm 
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quantities were relatively similar on the stoss face and stoss peak, with the greatest 

density occurring on the plateau (Figure 3.4). The quantity of dispersed seed decreased 

inland of the plateau, with the lowest amounts found at the rear. Multiple comparisons 

suggested that the rear-plateau was significantly different from each of the foredune 

strata; however, no other statistically significant comparisons exist between the 

foredune landforms (Appendix II).  

 

 

 

Figure 3.4: The number of dispersed seeds per m
2
 across the five foredune landforms 

at Mason Bay. 

 

3.6.2 Foredune seed rain 

A total of 115 caryopses were trapped on the Mason Bay foredune (Figure 3.5). Of the 

caryopses dispersing into the trap area, 42% travelled to the plateau. Some trapping 

positions yielded no caryopses, primarily the pots situated on the stoss face and the 

mid- to rear-plateau. In the trap array surrounding the foredune blowout, the number of 
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trapped caryopses peaked on the plateau (total of 34), whereas, on the undisturbed line, 

seed density was greatest on the stoss peak (total of 7). 

 

Approximately 52% of the 8 week wind record was onshore (between 200–270˚), with 

the maximum onshore wind gust of 31 ms
-1

 originating from this direction (253˚). 

Gusts of at least 10 ms
-1

 comprised 55% of the onshore gust record.  

 

 

Figure 3.5: A contour map of the foredune seed rain survey area, indicating: a) the 

position and number of the seed traps; and b) the number of caryopses caught in each 

trap.  

 

3.6.3 Secondary seed dispersal 

The distance of secondary seed dispersal varied across the Oreti Beach foredune. After 

15 days a much larger proportion of seeds had dispersed on the stoss face compared to 

the stoss peak and plateau (Figure 3.6). The proportion of dispersed seeds on the stoss 

face was 72%, compared to 55% and 30% on the stoss peak and plateau respectively. 

The categorisation of the dispersal fates is first presented, followed by the distance of 
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secondary seed dispersal, the relationship between secondary dispersal and vegetation 

density, and the wind conditions for the experimental period. 

 

The fate of the dispersed seeds were divided into seven categories, based on a similar 

framework used by Redbo-Torstensson and Telenius (1995): (i) seed remained at the 

point of release; (ii) seed entered the soil seed bank at the point of release; (iii) seed 

dispersed on top of the soil (0–10 cm); (iv) seed dispersed on top of the soil (10 + cm); 

(v) seed dispersed and entered the seed bank (0–10 cm); (vi) seed dispersed and entered 

the seed bank (10 + cm); and (vii) seed was not recovered. The results of this 

categorisation suggest that 17.8% of the seeds entered the soil seed bank (Table 3.1), 

and provide the quantity of seeds for each frequency distribution shown in Figure 3.6. 

 

A statistically significant difference was present between the secondary dispersal 

distance across the three foredune environments (Kruskal-Wallis: c
2
 (2, N = 173) = 

26.348, P = 0.000). Seeds dispersed over greater distances on the stoss face compared 

to the stoss peak, with the lowest dispersal distances occurring on the plateau (Figure 

3.6). 89% of seeds on the stoss face moved down the seaward slope. The mean 

dispersal distances were greater on the stoss face at each time interval; however, the 

maximum dispersal distance occurred on the stoss peak (Figure 3.7). The distance of 

seed dispersal showed a wide range, and the mean and maximum dispersal distances for 

each trial are reported in Table 3.2. 

 

The secondary seed dispersal distances appeared to be influenced by the A. arenaria 

plant canopy. The percentage plant cover for each trial site is shown in Table 3.2, as per 

the Daubenmire vegetation density scale (Daubenmire, 1959). Mean dispersal distances 

were higher in areas where the vegetation density was lower (Figure 3.8), whereas, the 

distance of dispersal was limited where the vegetation density was greater than 80%. 

The vegetation density was greatest at the three plateau sites, and was relatively similar 

on the stoss face and stoss peak (Table 3.2). 

 



58 

 

Wind speed and direction varied throughout the trial period, with gusts in excess of 10 

ms
-1 

occurring frequently (Figure 3.9). The threshold for the initiation of sand transport 

on a dry, unconsolidated surface is 8 ms
-1

 (Davidson-Arnott, 2009); therefore, slightly 

higher wind speeds would be required for the initiation of secondary seed dispersal. 

The prevailing onshore winds (between 200–270˚) are of primary importance to this 

study, and approximately 40% of the wind record originated from within this range. 

The maximum onshore gust (WSW) was 14.9 ms
-1 

and occurred on the final day of this 

experiment. Gusts of at least 10 ms
-1 

comprised 29% of the maximum onshore gust 

record. The wind speeds recorded throughout the trial period were moderate in terms of 

the overall wind record for this site. Winds in excess of 20 ms
-1

 were recorded on 12 

days during January and February 2014.  
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a)   

b)  

c)  

 

 

Figure 3.6: Frequency distributions of secondary dispersal movements at Oreti Beach 

during the 15 day period: (a) the stoss face; (b) the stoss peak; and (c) the plateau.  
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Table 3.1: The separation of A. arenaria into seven categories following secondary 

dispersal on the Oreti Beach foredune. Category: (i) seed remained at the point of 

release; (ii) seed entered the soil seed bank at the point of release; (iii) seed dispersed 

on top of the soil (0–10 cm); (iv) seed dispersed on top of the soil (10 + cm); (v) seed 

dispersed and entered the seed bank (0–10 cm); (vi) seed dispersed and entered the seed 

bank (10 + cm); and (vii) seed was not recovered.  

 

 Category 

Habitat (i) (ii) (iii) (iv) (v) (vi) (vii) 

Stoss face 2 0 10 26 17 2 3 

Stoss peak 14 0 7 22 11 2 4 

Plateau 42 0 6 12 0 0 0 

 

 

 

 

Table 3.2: The secondary dispersal distances of A. arenaria seeds after 14 days in the 

Oreti Beach foredune. The percentage cover is based on the midpoint classes of the 

Daubenmire scale (Daubenmire, 1959). 

 

     Dispersal Distances (cm) 

Site Habitat 
Cover 

(%) 

No. of 

Seeds 

% 

Recovered 
Max.  Mean  

Standard 

Deviation 

1 Stoss face 85.0 20 100 20 7.2 7.0 

2 Stoss face 85.0 20 85 28 8.9  10.1 

3 Stoss face 62.5 20 100 45 17.4 13.2 

4 Stoss peak 62.5 20 90 60 21.9 20.6 

5 Stoss peak 85.0 20 95 25 3.6  6.4 

6 Stoss peak 85.0 20 95 32 7.7 10.5 

7 Plateau 97.5 20 100 0 0 0 

8 Plateau 85.0 20 100 20 7.5 3.7 

9 Plateau 97.5 20 100 0 0 0 
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Figure 3.7: The mean and maximum distances moved by seeds during secondary 

dispersal in each of the three foredune environments at Oreti Beach.  
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Figure 3.8: The relationship between mean secondary dispersal distance and vegetation 

cover on the Oreti Beach foredune. 



 

 

 

Figure 3.9: The mean wind speed, maximum gust and wind direction for Oreti Beach, 29
th

 January – 13
th

 February 2014. Wind data was 

sourced from the Invercargill Airport weather station. 

6
3
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3.7 Discussion 

3.7.1 Distribution of dispersed seed 

The distribution of dispersed seed correlated closely with the areas of seed production 

outlined in Section 2.4.1. Seed production was greatest on the stoss face, with seed 

production decreasing inland, whilst dispersed seed quantities peaked on the plateau, 

and decreased moving inland. Maun (2009) suggested that the majority of the seeds of 

coastal foredunes disperse close to the parent plant; however, a combination of both 

seed drop beneath the parent plant and short-distance dispersal was evident in the 

dispersal of A. arenaria seed on the Mason Bay foredune.  

 

The results of this study suggest that under moderate wind speeds, the seeds of A. 

arenaria produced on the stoss face are likely to drop beneath the parent plant, giving 

rise to the moderate density of seeds found on the stoss face and stoss peak. Maun 

(1985) and Watkinson (1978) suggested that the majority of the seeds of A. 

breviligulata and V. fasciculata (coastal foredune species), disperse only a few 

centimetres from the parent plant.  

 

The high frequency of increased wind speeds at Mason Bay (Figure 3.9) would also 

result in short-distance primary dispersal from the stoss face to the stoss peak and 

plateau. The greater quantity of dispersed seed on the plateau indicates a combination 

of both seed drop from the surrounding plants, and dispersed seed from the stoss face 

and stoss peak. This is consistent with the ideas of Yan et al. (2005) who suggested that 

seeds are often blown from the lower section of the windward slope to the upper 

sections of this face and the dune crest. 

 

The increased density of seeds on the plateau was likely a result of both primary and 

secondary dispersal – seed drop from seed-producing plants in this zone, and wind 

dispersal from the stoss face and stoss peak. Relatively fewer seeds were found on the 

surface of the mid-plateau and rear-plateau, indicating that long-distance dispersal from 

the stoss face is rare. Seed production is sparse in this area (Section 2.5.1), which 
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correlates closely with the lower density of seed on the soil surface. The A. arenaria 

canopy is also denser on the rear-plateau; therefore, surveying the soil surface for seeds 

was more difficult. Care was taken when searching for seeds; however, some seeds may 

have been overlooked due to concealment by the dense plant canopy. This might have 

resulted in the seed quantities being under-represented for this environment. 

 

In a similar study, Augspurger and Hogan (1983) mapped the distribution of dispersed 

fruits and seeds away from a single Lonchocarpus pentaphyllus tree, using a quadrat 

sampling technique analogous to the current study. Although seed was only produced 

from a single plant rather than a whole population, higher seed densities were found 

nearest the source of production, with numbers decreasing away from the source. This 

trend is similar to that identified in the current study, as greater quantities of seed were 

found nearest the area of greatest seed production, the stoss face (Section 2.4.1), with 

densities decreasing inland. This result suggests that the dispersal of A. arenaria seed in 

the foredune is likely to be a continuous event of short-distance dispersal under 

moderate wind speeds, with long-distance dispersal only occurring during rare, extreme 

wind velocity events (Soons et al., 2004).  

 

3.7.2 Foredune seed rain 

The dispersal of A. arenaria seed on the Mason Bay foredune is predominantly short-

distance. This was indicated by the greater number of caryopses yielded by the traps 

positioned on the stoss peak and plateau, relative to those on the mid- to rear-plateau. 

The seeds trapped on the stoss peak and plateau were likely a result of short-distance 

dispersal from the stoss face or seed drop from surrounding plants. This was consistent 

with the trend identified in the Section 3.7.1 as the amount of seed present on the 

ground surface also peaked on the plateau. Seeds that had dispersed into the foredune 

blowout may have also undergone a phase of secondary dispersal under increased wind 

speeds; dispersing in suspension from the deflation basin of the blowout on to the 

plateau. 
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Under moderate to high wind speeds, the seeds produced on the stoss face are likely to 

be dispersed on to the plateau. Seed production is greatest on the stoss face (Section 

2.4.1), suggesting that seed trapped on the stoss peak and plateau is likely to have 

dispersed an average distance of approximately 20–30 m during the trial period. Under 

low wind speeds, seeds produced from surrounding plants may have also dropped in to 

the traps situated on the stoss peak and plateau.  

 

Six seeds were also trapped on the mid- to rear-plateau, suggesting a maximum 

dispersal distance of up to 70 m during high intensity wind events (31 ms
-1

 maximum 

gust). This is assuming that seed was sourced from the area of greatest seed production, 

the stoss face. Given that seed production is limited on the mid- to rear plateau (Section 

2.4.1), this is not an unreasonable assumption. The trap density was, however, lower on 

the mid- to rear-plateau which may have resulted in an underrepresentation of the seed 

rain at these sites.  

 

The peak in trapped caryopsis density varied between the undisturbed site and the 

foredune blowout. Seed density was greatest on the plateau in the array surrounding the 

blowout (34 seeds), whereas, the number of trapped caryopses peaked on the stoss peak 

of the undisturbed transect (7 seeds). This result is not surprising given that wind 

speeds within a blowout are significantly greater than outside the blowout (Carter et al., 

1990; Hesp, 2002). This leads to higher rates of sand transport, and probably in this 

case, the initiation of secondary seed transport within the blowout. Wind flow is locally 

accelerated through the blowout (Sloss et al., 2012), initiating the secondary transport 

of seeds on the surface of this feature. Once suspended, seeds are likely to be launched 

out of the blowout deflation basin, and on to the plateau. Under maximum gusts (30 + 

ms
-1

), it is possible that seed is dispersed towards the mid- to rear-plateau via this 

dispersal mechanism.  

 

The dispersal distance along the undisturbed transect is likely to be limited by the 

vegetation canopy. Hesp et al. (2005) and Walker et al. (2006) suggested that 

vegetation can cause a drag effect, producing wind speed reductions across the 

vegetation canopy. This is likely to affect the distance of seed dispersal, resulting in the 
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shorter distances observed in this study along the undisturbed transect. The seeds which 

were trapped on the stoss peak of the undisturbed transect, are likely a result of primary 

dispersal from the stoss face during moderate to high wind events, or seed drop from 

plants established on the stoss peak under low wind speeds. 

 

3.7.3 Secondary seed dispersal  

The importance of secondary seed dispersal is becoming increasingly recognised 

(Levey and Byrne, 1993; Andersen, 2001; Wang and Smith, 2002). The initial location 

of seed drop is often not where the seed remains, as forces such as wind, water and 

predators move seeds around (Johnson and Fryer, 1992). The primary factors affecting 

secondary seed dispersal on coastal foredunes include: vegetation density, the aspect 

and slope of the ground, sand deposition, wind speed and direction, the roughness of 

the ground surface, seed size, and rainfall (Mortimer, 1974, cited in Watkinson, 1978; 

Chambers et al., 1991; Johnson and Fryer, 1992; Redbo-Torstensson and Telenius, 

1995; Danin, 1996). In this section, the preceding four factors are examined in detail, in 

relation to the secondary dispersal of A. arenaria seed, on the densely vegetated Oreti 

Beach foredune. 

 

Vegetation density and ground slope 

The distance of secondary seed dispersal at Oreti Beach was closely correlated with 

vegetation cover. The opportunity for secondary dispersal was greatest on the stoss face 

where the plant canopy was less dense (Figure 3.8), and the slope of the ground was 

greatest. Approximately 46% of the seeds moved more than 10 cm from the point of 

release. Of the seeds that did move, 89% moved down the seaward face. This suggests 

that gravity is an influential factor in determining secondary seed dispersal on the stoss 

face, as well as the density of the surrounding vegetation cover. Westelaken and Maun 

(1985) found that the seeds of Lithospermum caroliniense dispersed over greater 

distances on a 25˚ dune slope compared to 15˚ and 16˚ slopes.   

 

The stoss peak had a similar vegetation density to the stoss face; however, a greater 

proportion of seeds stayed within 10 cm of the point of release (71%). This is probably 
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due to the gentler slope on the stoss peak; therefore, seeds are less likely to be 

influenced by gravity. The modest slope may, however, be too great for seeds to move 

inland, resulting in the majority of seeds remaining at the point of release.  

 

On the plateau where the A. arenaria canopy was dense (Figure 3.8), there was little 

secondary movement – less than 4% of the seeds moved more than 10 cm from the 

point of release. This area is characterised by a relatively flat surface, and a dense A. 

arenaria canopy that would impede wind from acting upon seeds on the ground 

surface. Hesp et al. (2009) suggested that wind speeds can drop dramatically in the 

canopy due to flow retardation and drag exerted by the plants. The few seeds that were 

unaccounted for may have been overlooked or may have been dispersed outside of the 

search area.  

 

A similar trend has been identified in comparable studies of secondary seed dispersal 

on coastal dunes. Redbo-Torstensson and Telenius (1995) investigated the primary and 

secondary seed dispersal by wind in S. salina, and found that a considerable fraction of 

seeds were moved passively by wind under low plant population densities.  Under 

increasing population densities, a greater proportion of seeds remained at the initial 

landing point or point of release. Watkinson (1978) found a similar relationship 

between secondary dispersal distances and the percentage vegetation cover, in the 

secondary seed dispersal of V. fasciculata. The distance of dispersal was strongly 

dependent on the percentage vegetation cover, with the majority of seeds remaining 

within the sown area under a continuous vegetation cover. In areas where the 

vegetation cover was sparse, most seeds moved down the open slope, and had been 

trapped and buried among clumps of A. arenaria, approximately 60–70 cm from the 

point of release. These results suggest there is limited potential for secondary seed 

movement within densely vegetated foredunes, such as Oreti Beach (Figure 1.5).  

 

Sand deposition 

The secondary transport of A. arenaria seed on exposed coastlines such as Oreti Beach, 

may also be affected by sand deposition. The threshold for the initiation of sand 

transport across a dry, unconsolidated surface (approximately 8 ms
-1

; Davidson-Arnott, 
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2009), was exceeded several times throughout the course of the current study. A total of 

17.8% of seeds were buried during this experiment, suggesting that the burial of seeds 

occurs fairly rapidly on foredunes that are frequently exposed to winds in excess of 8 

ms
-1

. Rapid sand accumulation is a common occurrence on sand dunes, and Maun 

(1994) and Chen and Maun (1999) suggested that sand deposition is a major selective 

force in the evolution of seed size, structure, and processes relating to dispersal and 

emergence. The frequent movement of sand and subsequent rapid burial of seeds 

suggests there is limited potential for long-distance secondary seed transport on 

exposed foredunes such as Oreti Beach.  

 

Wind speed and direction 

Another important determinant of the likelihood and range of secondary dispersal is the 

speed and direction of wind (Johnson and Fryer, 1992; Lee, 1993). The Oreti Beach 

foredune is oriented west; therefore, the prevailing onshore wind direction is west and 

southwest (between 200–270˚). Seed dispersal is most likely to be influenced by the 

prevailing onshore winds (Redbo-Torstensson and Telenius, 1995), and thus, seeds 

would be primarily dispersed to the northeast at Oreti Beach. In terms of wind 

conditions, the potential for secondary seed transport during the current study period 

was relatively high, given that 40% of the winds were onshore. Strong gusts occurred 

almost daily (Figure 3.9), with the maximum gust during the trial period peaking at 

14.9 ms
-1

. An extended wind record for the month of February 2014 also showed that 

gusts of up to 27.3 ms
-1

 occur along this coast. Irrespective of vegetation density and 

foredune slope, this suggests a significant potential for secondary dispersal on exposed, 

westerly-oriented beaches in southern New Zealand.  

 

Even though the wind conditions were fairly optimal for secondary seed transport, 

many seeds remained at the point of release or dispersed only a short distance. This 

highlights the importance of a range of factors in determining the potential for 

secondary seed dispersal. In this study, wind conditions were ideal; however, the 

vegetation density of the foredune was severely limiting the opportunity for significant 

secondary movement. The slope of the foredune stoss face and the rapid sand 

deposition rates, also affected the potential for secondary movement. These results 
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suggest that under a dense plant canopy, the majority of seeds will stay within a few 

centimetres of the initial landing point, resulting in limited longer-distance secondary 

dispersal, and a high seed density within the immediate vicinity of the parent plant.  

 

3.8 Chapter summary 

Seed dispersal by wind occurs in two distinct phases. First, the primary dispersal phase 

which involves the initial movement of seeds from the inflorescence to the ground, and 

second, the secondary dispersal phase which encompasses any subsequent movement 

along the ground by inorganic or organic agents. Both primary and secondary dispersal 

are important in coastal environments, as they allow seeds to move beyond the 

unfavourable vicinity of the parent plant, and colonise new sites. The current study 

looked to develop the current understanding of A. arenaria seed dispersal, by providing 

the first comprehensive analysis of primary and secondary seed dispersal on an A. 

arenaria-dominated foredune. This study built on the findings of Pope (2005), by 

examining: (i) the accumulation of seeds on the ground surface of the foredune and 

relating this to the patterns of seed production examined in Chapter Two; (ii) the 

dispersal characteristics of seeds surrounding a foredune blowout; and (iii) the 

secondary movement of seeds along the ground and the influence of the vegetation 

canopy in the foredune.  

 

(i) The patterns of dispersed seed correlated closely with seed production at 

Mason Bay.  The quantity of dispersed seed was greatest on the plateau, 

with density decreasing inland. This peak in seed density is likely a result of 

seed drop on the plateau under moderate wind speeds, and short-distance 

dispersal from the primary area of seed production, the stoss face, during 

larger wind events. Very little seed was found on the mid- to rear-plateau, as 

seed production is low in this area, and longer-distance dispersal from the 

stoss face is unlikely. 

 

(ii) The dispersal of A. arenaria seed on the Mason Bay foredune is 

predominantly short-distance (20–30 m under moderate to high wind 

speeds). The seed rain identified in this study was greatest on the stoss peak 



71 

 

and plateau, and relatively fewer caryopses were trapped on the stoss peak 

and mid- to rear-plateau. The dispersal distance was greater surrounding the 

foredune blowout, probably due to the acceleration of wind through this 

feature and the initiation of secondary transport of seeds on the ground 

surface. Primary dispersal on an undisturbed section of the foredune yielded 

lower dispersal distances, likely owing to the drag effect of the vegetation 

canopy and the reduced wind speeds, relative to the foredune blowout. 

 

(iii) Secondary seed dispersal at Oreti Beach was limited, and was primarily 

affected by vegetation density, the slope of the ground, sand deposition, and 

wind speed and direction. Secondary transport was restricted in areas that 

were densely vegetated – the foredune plateau, and was limited to a few 

centimetres in areas with a moderate vegetation density – the stoss face and 

stoss peak. The slope of the stoss face also allowed for greater dispersal 

distances as seeds moved downward under the force of gravity. 

 

The rapid sand accumulation that occurs on exposed coasts such as Oreti 

Beach also affects the potential for secondary seed dispersal. Frequent 

onshore gusts in excess of 8 ms
-1

 provide ideal conditions for not only seed 

movement, but also sand transport. Seeds are likely to be buried rapidly, 

therefore, limiting the potential for secondary dispersal. Although exposed 

coasts provide adequate wind for seed dispersal, dense plant canopies and 

rapid sand deposition limit secondary dispersal distances to only a few 

centimetres.  

 

The results of the current study have determined the characteristics of both primary and 

secondary seed dispersal on A. arenaria-dominated foredunes. This study used a novel 

approach to examine the characteristics of primary dispersal, in an area which has not 

previously been examined in detail. It also provided the first analysis of secondary seed 

dispersal in A. Arenaria. These findings will be particularly useful in terms of future 

management strategies, and will be discussed within this context in Chapter Six.  
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Chapter Four 

The seed germination and seedling survival 

characteristics of Ammophila arenaria 

 

 

4.1 Introduction 

The micro-environmental variability associated with coastal foredunes creates harsh 

and somewhat uncertain conditions for seed germination, seedling emergence and 

seedling survival (Maun, 1994). The regeneration of A. arenaria from seed is reputed to 

be rare and unpredictable (Gemmell et al., 1953; Huiskes, 1977; Aptekar and 

Rejmanek, 2000), yet evidence suggests that seedlings are abundant in the stone fields 

and wet depressions of large transgressive dune systems in Europe (Greig-Smith, 1961; 

Van der Putten et al., 1988), and southern New Zealand (Lim, 2011). No work to date, 

however, has focused on the foredune environment, where A. arenaria is known to be 

particularly wide-spread and invasive (Lubke and Hertling, 2001; Hilton et al., 2005). It 

is important to understand the dynamics and prevalence of seedling establishment in the 

foredune, as this is the primary area of seed production and dispersal in A. arenaria-

dominated dune systems.  

 

Burial depth is an important factor in seed germination in coastal dunes (Maun and 

Lapierre, 1986; Zhang and Maun, 1990a; Zhang and Maun, 1990b; Chen and Maun, 

1999), along with low soil temperatures, poor aeration, low oxygen content, higher 

carbon dioxide levels, and inappropriate levels of soil moisture at greater depths (Maun, 

2009). Light is often disregarded as a factor contributing to the decreasing germination 

rates under increasing accretion; however, some studies, (Huiskes, 1979; Van der 

Putten, 1990) have suggested that a lower light availability may reduce germination of 

buried seeds. A recent study by Khan and Gulzar (2003) on perennial halophytic 

grasses proposed three categories of light requirements during germination: (i) an 

obligate requirement for light during germination; (ii) no light requirements during 
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germination; and (iii) enhanced germination by light to varying degrees. There is, 

however, a current lack of field studies examining the light requirements of grass seeds 

during germination, with studies such as Khan and Gulzar (2003) having been carried 

out under controlled laboratory conditions. The current study attempts to address this 

gap in the literature by providing field evidence of A. arenaria seed germination in 

natural foredune conditions.  

 

This chapter aims to: (i) identify the effect of the foredune vegetation canopy on seed 

germination; and (ii) examine the influence of the foredune vegetation canopy on 

seedling survivorship. Seed and seedlings were introduced into the foredune 

environment of two west-oriented beaches in southern New Zealand. The germination 

experiments involved monitoring the quantity of germinated seeds over time in 

vegetated and cleared environments. Seedling emergence and growth rates were 

examined in seedling survivorship experiments, again in both vegetated and cleared 

environments. The relationship between these two facets of seedling establishment and 

the possible ‘nursing’ influence of the foredune canopy is considered.  

 

4.2 Factors affecting seed germination 

The patterns of germination in coastal dune systems vary widely due to the precise 

balance in environmental factors that is required to break dormancy and induce 

germination. Adequate burial must be achieved; however, not so deep as to inhibit 

germination (Huang et al., 2004). Light conditions must be favourable (Wesson and 

Wareing, 1969), temperatures must be optimal (Egley, 1995), soil salinity must be 

maintained to a certain level (Woodell, 1985), oxygen must be available (Dyer, 1995), 

and soil moisture must be sufficient to allow imbibition (Garcia et al., 2002). Soil 

nutrient levels are suggested to have less of an influence on germination (Maun and 

Krajnyk, 1989), as nutrients are likely obtained by internal seed reserves, rather than an 

external source (Van der Valk, 1974).  

 

Based on these requirements, seed germination and seedling establishment in many 

coastal species generally occurs during spring when conditions are most favourable 
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(Huiskes, 1979). This period of emergence is characterised by increasing temperatures 

and usually plentiful water for seed imbibition and establishment. The light regime is 

also at its optimum, with rapidly lengthening photoperiods. Soil salinity is said to affect 

germination in most coastal foredune species (Maun, 1994), and is at its lowest in 

spring due to leaching caused by periods of high rainfall (Ungar, 1995). 

 

Pope (2005) suggested that disturbance and warmth are probably the most critical 

factors in triggering the germination of A. arenaria seed. Lim (2011) studied this 

phenomenon under laboratory conditions and suggested that A. arenaria seed is highly 

sensitive to the favourable light conditions associated with disturbance (Lim, 2011). He 

found that the optimal burial depth for germination was 0.5 cm, with seeds failing to 

emerge from depths greater than 5 cm due to the lack of light penetration beyond this 

depth. Erosion, therefore, plays an important role in A. arenaria seed germination as the 

removal of sand exposes seeds to the fluctuating light and temperature regimes that 

trigger germination (Konlechner and Hilton, 2010). A shallow degree of burial is, 

however, important for maintaining a moist environment to prevent desiccation (Chen 

and Maun, 1999), and to reduce the exposure of seeds to evaporation stress (Maun and 

Riach, 1981).  

 

The current evidence, therefore, suggests that an optimal balance between several 

environmental factors is required before germination is achieved. The reduction of light 

with increasing burial depths was found to be the main factor inhibiting germination in 

A. arenaria seed under laboratory conditions (Lim, 2011), indicating a need for further 

studies investigating this phenomenon. The aim of this chapter is to validate the 

findings of Lim (2011) under field conditions, and relate the germination behaviour of 

A. arenaria seeds to the effect of an A. arenaria plant canopy.  

 

4.3 Factors affecting seedling survivorship and establishment 

The establishment and survival of seedlings in coastal and lacustrine sand dunes is 

suggested to be limited by moisture levels, nutrient availability, sand accretion, and 

small-scale erosion (Zhang and Maun, 1990a; Zhang and Maun, 1990b; Maun, 1994). 
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Observations by Laing (1958) suggested that seedlings of A. breviligulata survive no 

longer than seven weeks in the dunes of Lake Michigan, due to small-scale sand 

erosion, desiccation, and sand burial. Intolerance to substrate salinity is also said to 

limit the successful establishment of A. breviligulata seedlings (Seneca, 1972). The 

chloride ions in sea water can have a negative effect on plant and seedling growth 

(Wagner, 1964). 

 

Laing (1958) suggested that few A. arenaria plants derived from seed survive in 

established stands, though rare survivors at a site not already occupied by A. arenaria 

are very important. The principal causes of death in A. arenaria seedlings are suggested 

to be sand erosion (Huiskes, 1977), and insufficient soil moisture (Laing, 1958). The 

majority of the successful seedlings examined by Huiskes (1977) germinated and 

established under periods of high rainfall, supporting the suggestion that moisture 

levels are one of the most constraining factors for seed germination and seedling 

survival in foredune environments (Maun and Krajnyk 1989; Maun, 1994; Van der 

Putten and Peters, 1995). 

 

A. arenaria seedlings are known to establish and survive in inland slack areas (Greig-

Smith, 1961; Bencie, 1990), areas where the trend is erosional (Konlechner and Hilton, 

2010), spaces which are damp (Huiskes, 1977), and across inland stone fields (Lim, 

2011). The presence and survival of A. arenaria seedlings in coastal foredunes, 

however, has not yet been examined. The long-term survivorship of A. arenaria 

seedlings may be influenced by the proximity of mature nurse plants that exist on the 

foredune (Maun, 1994); however, no formal examination of this process has yet been 

undertaken. A greater understanding of the characteristics of A. arenaria seedling 

survival will, therefore, be gained by examining the influence of surrounding vegetation 

in the area where seed is predominantly produced and dispersed.  

 

4.4 Method 

The present study is a continuation of the work of Lim (2011), who established the 

importance of light as a cue for germination under laboratory conditions. It is important 
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to validate this finding in a field setting and to assess the influence of light in relation to 

the natural plant canopy. In conjunction with germination, the influence of light on 

seedling emergence and survival is also examined. 

 

The investigation was carried out at two sites, to ensure the results were not skewed due 

to micro-environmental conditions. Trials were also replicated alongshore and across 

the foredune profile, on the stoss face, stoss peak and plateau, to again ensure micro-

environmental conditions were not affecting results. This strategy avoids the risk of 

generating a pattern which is absent in reality, and allows for robust statistical 

comparisons to be made (Wildi, 2010). 

 

4.4.1 Field Sites – Oreti Beach and Mason Bay 

Seed germination and seedling survival were examined at two dune systems in southern 

New Zealand: Oreti Beach and Mason Bay (Figure 1.3). The experiments conducted at 

Oreti Beach examined seed germination and seedling survival separately, to ensure that 

seedling survival rates were not influenced by a lack of germination. Due to 

accessibility constraints, the Mason Bay experiments investigated germination and 

seedling survival simultaneously.  

 

Oreti Beach 

Two of the three trials investigating the germination and survival of A. arenaria seed 

were carried out at Oreti Beach, Southland. This site was chosen as it is easily 

accessible and allowed for regular monitoring of the experiment. Germination 

experiments were set-up on the plateau of the foredune and replicated alongshore, and 

survivorship experiments were set up on the stoss face, stoss peak and foredune plateau. 

The survival experiment was replicated across the three foredune environments to 

examine the influence of landform on the survival results. 
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Mason Bay 

Seed germination and seedling survival were investigated in concert at the K4 site in 

Mason Bay, Stewart Island (Figure 2.2). This site was again chosen due to the prolific 

band of flowering A. arenaria, and the presence of a stoss face, stoss face peak and 

plateau, similar to that of Oreti Beach. K4 was selected to maintain continuity across 

the series of experiments conducted at Mason Bay, and to allow for comparisons and 

relationships to be drawn from different facets of this research. The vigorous A. 

arenaria population and abundant seed production at this site provided an ideal 

opportunity to replicate seedling establishment under natural conditions.  

 

4.4.2 Germination experiment – Oreti Beach 

The methods for ecologically meaningful germination studies established by Baskin 

and Baskin (1998: 5–26), were used as a guide in this study to ensure a valid and robust 

experiment was conducted. The experiment consisted of eight trials, spaced 

approximately 2 m apart across the plateau of the densely vegetated A. arenaria 

foredune (Figure 4.1). Four trials were set up within the canopy to investigate the 

impact of dense vegetation on seed germination, and four trials were situated in a 

cleared area, where the above-ground vegetation was cut back. Each trial contained 12 

replicates of 10 seeds buried at 4 cm deep and 2 cm deep (Figure 4.2). The trial depths 

were chosen based on the results of Lim (2011), which suggested that A. arenaria seeds 

are unable to emerge from depths greater than 5 cm. The seeds were buried in organza 

(thin, mesh fabric) bags and secured with a bamboo skewer ‘flag’. This enabled easy 

retrieval, whilst maintaining exposure to natural dune conditions. 

 

The seedling germination experiment at Oreti Beach was conducted over five weeks 

(35 days), commencing on the 4
th

 November 2013. The organza bags were left for a 14 

day acclimatization period, and were checked at 18, 21, 25, 28 and 35 days thereafter. 

During each site check, four replicates were extracted from each of the eight trials, two 

buried at 2 cm deep and two buried at 4 cm deep, in order to examine in situ 

germination rates over time. Figure 4.2 shows an organza bag containing a germinated 
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seed which was extracted after two weeks from the non-canopy trial, buried at 2 cm 

deep. 

 

 

Figure 4.1: A surveyed profile of the Oreti beach foredune, indicating the three 

foredune strata identified for the germination and seedling survival study. High water = 

high tide on the day of surveying. VE = 2.3. 

 

    

Figure 4.2: Left: A cleared germination experiment plot during set up, with seeds 

buried at 2 cm deep (front) and 4 cm deep (back). Right: A seed bag extracted after two 

weeks containing one germinated seed.  
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4.4.3 Survival experiment – Oreti Beach 

In order to investigate the survival of seedlings within a vegetated foredune, seedlings 

were grown in 8 x 10 cm pre-drilled plastic pots (Figure 4.3), and transplanted to the 

dune. A total of 48 pots, each containing 10 seeds, were first situated in a glasshouse 

for two weeks (15
th

 October 2013 – 29
th

 October 2013), to enable the seedlings to 

emerge before establishment in the field. Half of the pots contained seeds buried at 2 

cm deep, whilst the other half contained seeds buried at 4 cm deep (Figure 4.3). The 

fine to medium sand used for planting, typical of southern New Zealand, was sourced 

from St. Kilda Beach in Dunedin, and seeds were watered daily over the two week 

period. 

 

Three trials were set up at Oreti Beach to examine the survival of seedlings across three 

foredune landforms: the stoss face, the peak of the stoss face and the plateau (Figure 

4.4). Each landform contained a vegetated plot and a cleared plot (Figure 4.5). A total 

of 8 pots were buried in each plot, 4 of which contained seeds buried at 2 cm deep and 

4 that contained seeds buried at 4 cm deep. To ensure adequate replication, several 

small replicates were used as opposed to one large sample of seeds (Baskin and Baskin, 

1998). The number of emerged seeds was recorded when the pots were buried, and 

each pot was labelled with a bamboo skewer ‘flag’ to assist in relocation. In the non-

canopy plots, the A. arenaria canopy was cut back to ground level prior to burial. 

 

The seedling survival experiment was conducted over five weeks (35 days), 

commencing on the 4
th

 November 2013. The pots were left for a 14 day acclimatization 

period, and were checked at 18, 21, 25, 28 and 35 days thereafter. During each site 

check, the number of seedlings was counted and the above-ground leaf length was 

measured. A final assessment and disestablishment was undertaken on the 29
th

 January 

2014, and photosynthetically active radiation (PAR) was measured for each site. These 

measurements were taken during uniform overcast conditions, using a LI-COR LI-

250A light meter with a LI-190 quantum sensor. Readings were taken as 15 second 

averages in units of micromoles of quanta per second per square metre (µmol s
-1

 m
-2

). 

Each sample was dried and sieved to extract seeds for viability testing. The method for 
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viability testing of ungerminated seeds was consistent with that of Chapter Five, and 

was conducted over a 45 day period. 

 

 

Figure 4.3: The pots used in the seedling survival experiments – the pots on the left 

contain seeds buried at 4 cm deep and the pots on the right contain seeds buried at 2 cm 

deep. Insert: A soldering iron was used to ‘drill’ holes in each pot for drainage.  

 

 

 

 

 

 

 

 

Figure 4.4: Schematic of the Oreti Beach seedling survival experiment setup.  
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Figure 4.5: Left: A cleared survival experiment plot with pots buried at 2 cm and 4 cm 

deep. Right: A vegetated plot with a 2 cm and 4 cm pot buried amongst the A. arenaria-

dominated canopy (bamboo flag circled in red).  

 

4.4.4 Germination and survival experiment – Mason Bay 

To assess in situ seed germination and ensuing seedling survival in concert, a series of 

growth trials were set up across three foredune landforms at Mason Bay. A total of 8 

pots (identical to those shown in Figure 4.3), each containing 10 seeds buried at 2 cm 

deep and 10 seeds buried at 4 cm deep, were buried at 3 m spacing across each 

foredune landform (Figure 4.6). The surrounding 0.5 m
2
 of plant canopy was removed 

in the cleared trials, which were alternated with the vegetated trials where the canopy 

remained. Each plot contained a skewer ‘flag’ to measure accumulation at the site, and 

was marked with a plastic peg and flagging tape to aid in relocation.  

 

The experiment commenced on 31
st
 August 2013, and was monitored on the 26

th
 

November 2013 and the 27
th

 January 2014. Monitoring involved counting and 

measuring seedlings, and measuring sand accumulation at each site. The 



82 
 

photosynthetically active radiation (PAR) was also measured for each site on the 27
th

 

January 2014. A LI-COR LI-250A light meter with a LI-190 quantum sensor was used, 

again giving 15 second averages in units of micromoles of quanta per second per square 

metre (µmol s
-1

 m
-2

). Consistent with Section 5.3.5, the samples were then dried and 

sieved to test the ungerminated seeds for viability.  

 

 

 

 

 

 

 

Figure 4.6: Schematic of the Mason Bay germination and seedling survival experiment 

setup.  

 

4.4.5 Statistical analysis 

A logistic regression with binomial errors was used to analyse seed germination rates at 

Mason Bay, with germination rate as the dependent variable and environment and 

vegetation as the independent factors. The germination rates were based on the 

proportion of viable seeds that had germinated, and analyses were completed using 

IBM SPSS Statistics (SPSS Inc,; version 22).  This model was selected as the data was 

non-normally distributed and thus, a binomial error distribution was used for residuals 

in place of the normal distribution (Niven, B., pers. comm. 2014). To analyse the 

survival rates under vegetated and cleared conditions at Oreti Beach, two key indicators 

were examined, again using IBM SPSS Statistics (SPSS Inc,; version 22). Univariate 

Analyses of Variance were performed on the dependent variables length of survival and 

height at death, with environment, vegetation and burial depth as the independent 

factors. The univariate Analysis of Variance allowed for more than one factor to be 

analysed. A square-root transformation (√     ) was performed on the height at 

death dataset to conform to the normality and homogeneity assumptions of analysis of 

variance (α = 0.05). A non-parametric Kaplan-Meier survival analysis was additionally 

Cleared

Stoss face (160 seeds)

Stoss peak (160 seeds)

 Plateau (160 seeds)

Vegetated

20 seeds  
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used to identify trends in survival rates over time. Detailed results of these tests are 

shown in Appendix IV, V and VI.  

 

Statistical comparisons could not be made on the Mason Bay seedling survival dataset 

as there were no seedlings present in the majority of the vegetated plots, probably due 

to limited seed germination in this area. The heights at death and survival lengths could 

not be calculated, due to the remoteness of the study site and the limited amount of data 

collected.  

 

4.5 Results 

4.5.1 Seed germination 

Seed germination rates varied considerably between the cleared and vegetated trials at 

both Oreti Beach and Mason Bay. Seeds buried at the cleared sites had much higher 

germination rates compared with those at the vegetated sites (Figure 4.7; Figure 4.8). 

At Oreti Beach, the overall germination rate was 18.8% under cleared conditions 

compared with 2.3% at vegetated sites. Mason Bay showed a similar trend with 9.7% 

and 0.2% respectively. The overall viability of the seeds used at each site was 

determined to be 80% and 89%, respectively. 

 

At Oreti Beach, the cleared trial with seeds buried at 4 cm deep, had the highest rates of 

germination. Germination rates peaked at 12.3% after 35 days. The results of the 2 cm 

cleared trial showed a similar trend, with a slightly lower overall germination rate 

(7.1%). The vegetated trial results varied significantly from the cleared trial results, 

with only 1 seed out of 480 germinating in each of the 2 cm and 4 cm trials. This 

resulted in a cumulative germination rate of 0.2% for each trial. At 2 cm burial, the seed 

germinated after 21 days, and at 4 cm burial, germination occurred after 25 days 

(Figure 4.7).  
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Figure 4.7: The cumulative percentage germination rates of seeds at Oreti Beach in the 

2 cm and 4 cm cleared trials and the 2 cm and 4 cm vegetated trials. Values are 

expressed as a percentage of the total number of seeds buried.  

 

The results of the Mason Bay experiment were similar to those of Oreti Beach.  A 

higher germination rate occurred at the cleared sites across all three landforms (Figure 

4.8).  The combined germination rate across the 12 cleared trials was 18.8%, compared 

to only 2.3% in the vegetated zone. Significant individual comparisons were evident 

across the independent variables environment and vegetation (logistic regression with 

binomial errors: d.f = 2, P = 0.000; d.f = 1, P = 0.000), and also due to the environment-

vegetation interaction (logistic regression with binomial errors: d.f = 1, P = 0.000). This 

suggested a significant difference within each of the two variables; environment and 

vegetation, as well as their interaction.  
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Figure 4.8: Germination rates, as predicted by the logistic regression model, across the 

three foredune environments at Mason Bay.  

 

The photosynthetically active radiation (PAR) values (Table 4.1; Table 4.2) are an 

indication of the light conditions at each trial site. The PAR for the cleared sites at Oreti 

Beach were notably higher than the vegetated sites (Table 4.1). The average PAR was 

49.2 µmol s
-1

 m
-2

 and 0.9 µmol s
-1

 m
-2 

respectively. This is also evident at Mason Bay, 

where the average PAR at the cleared sites was 60.0 µmol s
-1

 m
-2

, compared with 22.3 

µmol s
-1

 m
-2

 at the vegetated sites.  
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Table 4.1: Photosynthetically active radiation (PAR) measurements for each Oreti 

Beach germination experiment site. Readings are 15 second averages measured in units 

of µmol. 

 

Germination Experiment Site PAR (µmol s
-1

 m
-2

) 

Site 1 – cleared 47.78 

Site 2 – cleared 40.76 

Site 3 – cleared 40.42 

Site 4 – cleared 42.46 

Site 1 – vegetated 1.13 

Site 2 – vegetated 1.01 

Site 3 – vegetated 0.18 

Site 4 – vegetated 1.37 

 

 

Table 4.2: Photosynthetically active radiation (PAR) and total accretion measurements 

for the Mason Bay germination and survival experiment sites. PAR readings are 15 

second averages measured in units of µmol. 

 

Experiment Site PAR (µmol s
-1

 m
-2

) Total Accretion Aug–Jan 

(mm) 

Cleared 1 (plateau) 53.00 -2 

Cleared 2 (plateau) 65.80 2 

Cleared 3 (plateau) 58.19 2 

Cleared 4 (plateau) 96.64 0 

Cleared 5 (stoss peak) 89.07 7 

Cleared 6 (stoss peak) 95.56 20 

Cleared 7 (stoss peak)  57.62 6 

Cleared 8 (stoss peak) 24.75 11 

Cleared 9 (stoss face) 25.54 0 

Cleared 10 (stoss face) 71.54 24 

Cleared 11 (stoss face) 44.54 44 

Cleared 12 (stoss face) 37.74 28 

Vegetated 1 (plateau) 23.12 16 

Vegetated 2 (plateau) 24.46 7 
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Vegetated 3 (plateau) 21.74 9 

Vegetated 4 (plateau) 20.16 4 

Vegetated 5 (stoss peak) 14.65 12 

Vegetated 6 (stoss peak) 22.62 0 

Vegetated 7 (stoss peak) 41.21 0 

Vegetated 8 (stoss peak) 37.66 -8 

Vegetated 9 (stoss face) 28.88 11 

Vegetated 10 (stoss face) 4.07 -9 

Vegetated 11 (stoss face) 18.32 8 

Vegetated 12 (stoss face) 10.21 8 

 

4.5.2 Seedling survival 

The survival of A. arenaria seedlings on the Oreti Beach and Mason Bay foredunes is 

low. At Oreti Beach, 94% of seedlings died during the vegetated survival experiment, 

and 85% died in the cleared survival trials. Light may have affected the seedling 

survival rates, as PAR varied between the vegetated and cleared trials (3.14 µmol s
-1

 m
-

2
 and 32.29 µmol s

-1
 m

-2 
respectively; Table 4.3). Seedling survival at Oreti Beach was 

analysed based on the length of survival and the height at death. The interactions 

between vegetation, environment and burial depth were considered.  

 

The length of seedling survival did not vary significantly between the vegetated and 

cleared seedling survival trials at Oreti Beach (univariate ANOVA: d.f = 1, F = 0.001, 

P = 0.972). The additional factors burial depth and foredune environment, had no 

statistically significant effect on the length of seedling survival (univariate ANOVA: d.f 

= 1, F = 2.963, P = 0.088; d.f = 1, F = 1.724, P = 0.183). The survival curve of the 

Kaplan-Meier analysis indicates similar survival rates between the two treatments 

(Figure 4.9), again suggesting there is no evidence of a significant difference in the 

length of seedling survival between the vegetated and cleared trials (Breslow 

(Generalized Wilcoxon): c
2
 (1, N = 118) = 0.327, P = 0.568).  
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Seedling heights may be affected by a complex interaction of variables, including the 

dune environment, vegetative canopy, and burial depth. A statistically significant 

relationship was found between the seedling heights at death in the vegetated and 

cleared trials in the environment-vegetation interaction (univariate ANOVA: d.f = 2, F 

= 4.706, P = 0.011), and the environment-vegetation-depth interaction (univariate 

ANOVA: d.f = 2, F = 3.870, P = 0.024). However, when the independent variables 

were considered autonomously, no statistically significant difference was found 

(Appendix V). 

 

The mean seedling heights at death were higher in the vegetated trial on the stoss face, 

with a similar pattern occurring on the stoss peak (Figure 4.10). The sand accretion rate 

reached a maximum of 80 mm in the cleared trial on the stoss face compared with 55 

mm at the vegetated sites (Table 4.3). This trend, however, was reversed on the plateau, 

with greater seedling heights in the cleared trials compared to the vegetated trials. 

When depth was included as a factor, a similar trend occurred in seedlings emerging 

from a depth of 2 cm. However, seedlings emerging from a burial depth of 4 cm had a 

higher mean height at death in the vegetated trials across all three environments (Figure 

4.11). Although statistically significant differences occurred, the mean seedling heights 

were all within a 4.6 cm range.  

 

At Mason Bay seedlings were not pre-grown before establishment in the field. The 

presence of seedlings, therefore, depended upon the in situ germination rates which 

were outlined in Section 4.5.1. A greater number of seedlings were present in the 

cleared trials across the stoss face, stoss peak and plateau, compared with the vegetated 

trials (Figure 4.12). A total of 37 seedlings were present in the cleared trial over the 

course of the experiment, with only three emerging in the vegetated areas. 43% of the 

37 seedlings in the cleared trial were dead upon completion of the experiment, and 1 of 

the 3 seedlings in the vegetated trial had died during the experiment. The accretion rates 

at each site are shown in Table 4.2. 
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Table 4.3: Photosynthetically active radiation (PAR) and total accretion measurements 

for each Oreti Beach survival experiment site. Readings are 15 second averages 

measured in units of µmol. 

 

Survival Experiment Site PAR (µmol s
-1

 m
-2

) Total Accretion Nov–Jan 

(mm) 

Stoss face – cleared  26.75 80 

Stoss face – vegetated 2.79 55 

Stoss peak – cleared 30.48 0 

Stoss peak – vegetated 3.93 0 

Plateau  – cleared 39.64 0 

Plateau – vegetated 2.71 0 
 

 

 

 

 
 

Figure 4.9: The survival curves of the vegetated and cleared seedling survival trials at 

Oreti Beach. 
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Figure 4.10: The mean heights at death of seedlings present in the vegetated and 

cleared seedling survival trials at Oreti Beach (environment*vegetation interaction). 
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Figure 4.11: The mean heights at death of seedlings present in the vegetated and 

cleared seedling survival trials at Mason Bay (environment*vegetation*depth 

interaction). 
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Figure 4.12: Total seedling numbers on November 26 and January 27 in the vegetated 

and cleared seedling survival trials at Mason Bay.  

 

4.6 Discussion 

4.6.1 Seed germination 

The current study suggests that light is an important trigger for A. arenaria seed 

germination. This is inferred by the correlation between the vegetation canopy and the 

restriction of light penetration. Van der Putten (1990) and more recently, Lim (2011), 

conducted glasshouse experiments investigating the germination of A. arenaria seeds in 

darkness. Both studies found significantly higher germination rates in treatments 

exposed to light. These results suggested that A. arenaria seed is highly sensitive to 

light; however, both of these experiments were conducted under controlled conditions 

using ‘safe green light’. The current study investigated this phenomenon under natural 

field conditions, and confirmed the critical role of a light stimulus in promoting A. 

arenaria seed germination. 
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Light is said to influence seed germination in two ways: (i) by inducing a slow seasonal 

change in the temperature profile with depth, and, therefore, indirectly promoting 

germination; and (ii) by directly indicating that conditions are suitable for germination 

(Woolley and Stoller, 1978; Finch-Savage and Leubner-Metzger, 2006). Results from 

the field studies conducted at both Mason Bay and Oreti Beach showed a highly 

significant difference in A. arenaria seed germination rates between vegetated (low 

PAR) and non-vegetated (high PAR) environments. The highest rate of cumulative 

germination in the vegetated trial at Oreti Beach was 0.2%, compared with 12.3% in the 

non-vegetated trial. Similar results were found at Mason Bay, with an overall 

germination rate of 2.1% in the vegetated trial, relative to 15.4% at the non-vegetated 

sites. This suggests an innate sensitivity to light in A. arenaria seeds during seed 

germination.  

 

Germination was higher in sites where there was no plant canopy restricting light 

penetration, enabling seeds to recognise light as a germination cue. Finch-Savage and 

Leubner-Metzger (2006) suggested that light is an extremely important factor in 

breaking seed dormancy and inducing seed germination. For seeds buried within the A. 

arenaria canopy, light infiltration to the surface was limited and thus, seeds were not 

released from dormancy. The absence of light has been shown to substantially limit 

germination in other perennial grasses such as Aeluropus lagopoides and Sporobolus 

icolados (Khan and Gulzar, 2003), and almost completely inhibit germination in 

Triglochin maritima (Khan and Ungar, 1999) and Sporobolus indicus (Andrews et al., 

1997). It is highly advantageous for the seeds of coastal dune species, such as A. 

arenaria, to respond to light, due to the rapidly changing nature of this environment, 

and the often quick changes in seed burial depths (Zhang and Maun, 1994).  

 

Despite this evidence to support the influence of light on A. arenaria seed germination, 

a slight discrepancy exists between the germination rates of the 2 cm and 4 cm cleared 

trials. These trials show a very similar trend; however, slightly lower cumulative 

germination rates were found at 2 cm deep. The discrepancy is probably due to more 

favourable conditions for germination at 4 cm deep, resulting in a continually higher 

proportion of seed germination. The upper 2 cm of sand is often too dry to permit 
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germination, as the moisture contained in this layer is easily evaporated in just a few 

hours of bright sunlight (Laing, 1958). Since higher levels of moisture are retained at 

greater depths, the burial of seeds is often advantageous, providing the seeds have 

sufficient internal energy reserves to enable elongation and emergence above the 

surface (Chen and Maun, 1999). A burial depth of 4 cm appears to be optimal as it is 

deep enough to retain adequate moisture, yet shallow enough to allow the light 

penetration necessary for germination (Lim, 2011).  

 

Baskin and Baskin (1998) suggested that it is important to check the viability of 

ungerminated seeds at the conclusion of a germination experiment. An overall viability 

check was conducted on the source of the seeds used in this experiment. This check 

yielded a viability of 80%; however, the seeds used in the Oreti Beach study were not 

individually tested. It is, therefore, not certain if the seeds failed to germinate because 

of environmental cues or inviability. Large, firm seeds were selected to increase the 

probability of viability in this experiment; however, seeds remained in their caryopsis 

so it was difficult to be certain. Based on the overall source viability and the seed 

selection, the majority of seeds were likely to be viable, although this is a potential 

limitation of the current study. The viability rates of the seeds used in the Mason Bay 

experiment were tested individually, giving an overall viability of 89%.  

 

4.6.2 Seedling survival 

Evidence from Europe suggested the seedlings of A. arenaria usually die within a few 

weeks of germination due to desiccation, excessive burial and small scale sand erosion 

(Huiskes, 1977). The period immediately following emergence is considered the most 

vulnerable stage in a plants life (Harper, 1977); therefore, the seedling survival 

characteristics are an important component of a plant species’ regeneration potential. 

The regeneration of A. arenaria in a foredune environment where the species is highly 

invasive was examined in this study, focusing on the influence of the foredune plant 

canopy on seedling survival rates. The results from Oreti Beach are discussed first, 

followed by the Mason Bay experiment. 
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Oreti Beach 

Overall the seedling survival rates at Oreti Beach were low. Under cleared conditions 

only 15% of seedlings survived the duration of the experiment (35 days); with a 

comparable 6% survival rate in the vegetated trials. The low survival rates may have 

been caused by a range of factors, including: low nutrient concentrations in foredune 

soils, competition from adult plants, excessive burial, desiccation, predation, disease, 

and high surface temperatures (Payne and Maun, 1984; Van der Putten, 1990; Portnoy 

and Willson, 1993; Maun, 2009). However, given the yearly production of seeds, even 

a low seedling survival rate could have a significant impact on seedling regeneration, 

particularly at open sites. The length of survival and height at death were, therefore, 

used in this study to compare seedling survival characteristics under vegetated and 

cleared conditions, and to identify the potential factors influencing seedling survival ain 

the foredune environment. No significant difference in survival length was found 

between the vegetated and cleared plots; however, the mean heights at death did vary 

significantly between the two trials.  

 

At Oreti Beach, the mean seedling heights at death were greater in the vegetated plots 

on the stoss face and the stoss peak (Figure 4.10). These results suggest a potential 

nurse-plant effect allowing seedlings to grow larger within the canopy on the more 

exposed sites. There are contradictory predictions regarding the occurrence of 

facilitative interactions between plants on coastal sand dunes (Martinez, 2003); 

however, De Jong and Klinkhamer (1988), Kellman and Kading (1992) and Shumway 

(2000) have suggested that seedling establishment is enhanced by the presence of nurse 

plants. Nurse plants tend to ameliorate environmental harshness at the site of 

establishment (Ryser, 1993). In the current study, this phenomenon appears to be 

occurring on the stoss face and stoss peak as the largest seedlings were present at these 

sites.  

 

It has also been argued that competition for nutrients and light between seedlings and 

adult plants can be detrimental to seedling survival in dune environments (Grootjans et 

al., 1991; Olff et al., 1993). On the foredune plateau in the present study, the plant 

canopy was denser (Table 4.3), and surrounding plants appeared to have a negative 
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effect on seedling survivorship. Similar results were found by Portnoy and Willson 

(1993) who suggested that offspring deposited beneath the parent plant often have poor 

survivorship. De Jong and Klinkhamer (1988) also found that seedling establishment of 

Cirsium vulgare and Cynaglossum officinale improved greatly in the gaps where 

vegetation had been disturbed. The foredune marram canopy may provide more 

favourable water relations, lower evaporative demand and lower physical disturbance 

on the stoss face (Maun, 1994); however, the restriction of light, as well as intense 

below-ground competition, appears to outweigh these benefits and limit the growth and 

survival of A. arenaria seedlings in more densely vegetated stands such as the plateau. 

The results of the current study suggest that a facilitative effect may be occurring on the 

stoss face and stoss peak, whilst a competitive relationship may be occurring between 

seedlings and adult plants on the foredune plateau.  

 

The seedlings in cleared sites on the stoss face and stoss peak had significantly lower 

heights at death. This is likely due to the greater exposure to harsh onshore winds and 

subsequently, excessive sand burial, outside of the plant canopy. Sand accumulation 

rates reached a maximum of 80 mm in the cleared trials compared with only 55 mm 

within the plant canopy. Excessive sand burial appeared to have had a detrimental 

effect on seedling survival rates at the cleared sites. Laing (1958) and Wagner (1964) 

suggested that mortality rates are often higher under excessive burial as seedlings do 

not possess the internal energy reserves to emerge above the new surface level. The 

response of seedlings to burial is similar to that of adult plants, but, owing to limited 

nutrient reserves, their survival rates are significantly lower (Maun, 1994). A moderate 

amount of sand accumulation, however, is said to provide optimal conditions for 

growth and survival by insulating the root system from desiccation and heat injury 

(Wagner, 1964; Zhang and Maun, 1990a). The lower sand accumulation rates in the 

vegetated trials may have additionally contributed to the higher mean heights in this 

environment by protecting the root systems from erosion and desiccation.  

 

A small number of seedlings in the cleared trials on the stoss face and stoss peak, were 

exposed to small-scale erosion, despite the accretionary trend in this environment. This 

was generally where the seedling pots were inadequately buried on an alongshore slope, 

causing dry sand to escape from the drainage holes during onshore winds. This caused 
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the sand level to fall below the coleoptilar node and leave the seedling supported only 

by the highly flexible elongated mesocotyl below the cotyledon. This internode does 

not usually support the weight of the seedling, and bending and twisting can cause the 

seedling to fall to the sand surface (Laing, 1958). This problem could be mitigated in 

future studies by ensuring a uniform alongshore surface when burying seedling pots, 

and by compacting sand with water prior to establishment in the field. This would 

ensure the sand level inside the pots does not drop below the pot edge, and would 

reduce the likelihood of small-scale erosion around the base of the seedlings.  

 

A significant variation in the mean heights at depth occurred across the three foredune 

environments when considering the interaction with burial depth. At a burial depth of 4 

cm, higher mean seedling heights were present across all three environments under 

vegetated conditions. Four cm is likely to be the optimum burial depth as seedlings do 

not emerge from depths greater than 5 cm (Lim, 2011), and surface drying can occur in 

the upper 2 cm of sand causing high seedling mortality rates (Atkinson, 1896). The 

growth characteristics of seedlings buried at 2 cm deep in the present study are, 

therefore, probably not indicative of natural conditions as these seedlings were pre-

grown under glasshouse conditions, with additional sand being added when the soil 

compacted during watering. The 4 cm trial is thus, a better indication of natural 

conditions, where the vegetative canopy appeared to be protecting the soil surface from 

radiation causing less surface drying and higher survival rates under vegetated 

conditions.  

 

No studies on the soil moisture content at Oreti Beach are available; however, generally 

it takes heavy thunder showers or prolonged rain events for percolation to depths 

greater than 2–3 cm (De Jong, 1979). Small rain events often trigger germination, 

without providing sufficient moisture for seedling survival (Nano et al., 2013), as the 

moisture obtained during light rain events is easily evaporated in just a few hours of 

bright sunlight (Laing, 1958). The seedlings established within the plant canopy would, 

thus, be more protected from high intensity radiation, and seedlings buried at 4 cm deep 

would have a greater chance of survival. The moisture retained at 3–4 cm depth plays a 

critical role in adventitious root growth and seedling survival (Laing, 1958).  
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Mason Bay 

The Mason Bay seedling survival experiment reinforced the importance of seed 

germination in coastal foredunes. Germination and seedling survival were investigated 

simultaneously; therefore, the presence of seedlings depended on the in situ 

germination rates. As there was limited seed germination in the vegetated sites due to 

restricted light penetration, there were very few seedlings to monitor in terms of 

survival characteristics. This meant that comparisons could not be made between the 

vegetated and cleared sites. However, the death rate upon completion in the cleared 

trials at Mason Bay was only 43%, compared with 85% in the cleared trials at Oreti 

Beach. The limited monitoring at Mason Bay makes it hard to determine how old the 

seedlings were, although, based on the results from Oreti Beach, the seedlings are likely 

to have established within a few weeks of the final assessment. The average seedling 

height upon completion of the experiment was only 5.8 cm (SD = 3.9), indicating that 

seedlings were likely to be a maximum of 3–4 weeks old. 

 

Seedlings are likely to be uncommon within a vegetated A. arenaria foredune, as the 

canopy restricts the penetration of light. This light is critical in inducing seed 

germination (Van der Putten, 1990; Lim, 2011). The low survival rates in the Oreti 

Beach experiment also suggest that any seedlings that do become established in both 

vegetated and disturbed sites, are unlikely to survive longer than a few weeks due to 

competition, excessive burial and desiccation. An extremely precise balance in 

environmental factors is, thus, required, for a site to be suitable for seed germination, to 

break seed dormancy and induce germination, and also, to enable a seedling to survive 

long enough to become fully established in the foredune. The results of the present 

study have, therefore, indicated that the majority of A. arenaria regeneration on the 

foredune is likely to be from vegetative spread (Huiskes, 1979), or the alongshore 

marine transportation of rhizome (Konlechner and Hilton, 2009).  

 

The current study highlights the need for further research on the physiological and 

morphological traits that improve the chances of A. arenaria seeds germinating and 

establishing in the harsh and uncertain conditions prevailing in coastal dunes. A. 

arenaria exhibits both avoidance and tolerance strategies in response to stresses such as 
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sand accretion, salinity, and low moisture levels; however, little is known about how or 

why these responses occur. It is also evident that light plays a critical role in seed 

germination, though again, the physiological reasons for this occurrence are unknown. 

Studies investigating the physiological adaptations of A. arenaria seeds would provide 

a greater understanding of the germination and seedling survival characteristics in 

coastal dune systems.  

 

4.7 Chapter summary 

A precise balance in environmental conditions is required to break dormancy and 

induce seed germination. Factors such as burial, light, temperature, salinity, oxygen, 

and moisture, can play a significant role in promoting or inhibiting seed germination in 

various species. Recent evidence suggested that light may play a more important role in 

inducing seed germination in coastal dune species than previously thought (Van der 

Putten, 1990; Khan and Gulzar, 2003; Lim, 2011). The present study provided the first 

field-based evidence to assess the importance of light in promoting A. arenaria seed 

germination and seedling growth. This was achieved by conducting a series of growth 

experiments under vegetated and cleared conditions, assessing: (i) the effects of the 

foredune vegetation canopy on seed germination; and (ii) the influence of the foredune 

vegetation canopy on seedling survivorship. 

 

(i) The results of the current study are consistent with those of Lim (2011), 

which suggested that light plays a significant role in the germination of A. 

arenaria seed. The prevention of light penetration through the canopy was 

found to limit, and in many cases inhibit the germination of A. arenaria seed 

following burial. This was evident from the large disparity in germination 

rates between the vegetated and cleared trials at Oreti Beach, 0.2% 

compared with 12.3%, and at Mason Bay, 2.1% relative to 15.4%. The 

dynamic nature of coastal dunes and thus, the often rapid changes in seed 

burial depths, suggest it is advantageous for coastal seeds to respond to light 

as a trigger for germination.  
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(ii) Seed germination in the foredune is primarily restricted to cleared sites, 

which scarcely exist on densely vegetated dunes such as Oreti Beach and 

Mason Bay. This finding suggests that seedling survival is comparatively 

unimportant in coastal foredunes, as germination will rarely occur. If a 

seedling does become established, the chance of survival would be 

extremely low – approximately 6% within a vegetated stand and 15% at a 

disturbed site. 

 

The duration of survival was very similar between the two environments, 

with only 20% of seedlings surviving longer than 25 days. Mean seedling 

heights did, however, vary significantly with higher mean heights occurring 

under vegetated conditions on the stoss face and stoss peak. A reversal of 

this trend occurred on the plateau. These results suggest there may be a 

nurse-plant effect under exposed conditions, whilst a competitive interaction 

may be occurring between seedlings and adult plants in less exposed 

environments. Seedling heights were also greater at a burial depth of 4 cm, 

indicating that soil moisture characteristics are probably optimal at this 

burial depth. 

 

Germination is extremely limited in a vegetated stand; therefore, seedlings will rarely 

get the opportunity to emerge and grow within the foredune canopy. On foredunes 

where A. arenaria is widespread and invasive, the predominant means of reproduction 

is likely to be vegetative spread, particularly on the stoss face of prograding or 

accreting foredunes, and alongshore marine transportation of rhizome. 
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Chapter Five  

The Ammophila arenaria soil seed bank 

 

 

5.1 Introduction 

A critical step in understanding the population dynamics of any plants species is the 

investigation of seed production and its subsequent fate. Following dispersal, seeds will 

germinate, decay, be lost to predation, or will become a part of the soil seed bank 

(Bewley and Black, 1994; Maun, 2009) (Figure 5.1). Germination can be delayed for an 

indefinite period when seeds become a part of the soil seed bank. Seed banks are an 

important means of preserving genetic diversity (Cabin et al., 1998), and allowing a 

community to survive unfavourable conditions (Thompson, 1992). They are 

particularly important in coastal dune systems as they provide additional insurance 

against catastrophic disturbances caused by high wind events and extreme wave action 

(Maun, 2009).  

 

 

Figure 5.1: The fate of seeds buried in mobile foredunes along sea coasts           

(source: Maun, 2009: 56). 
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The seed banks of invasive species can pose serious implications for management and 

eradication programs due to the time frame that is required to control and completely 

eliminate regeneration by seed (Panetta, 2004). Seed longevity was identified by 

Cunningham et al. (2003) as one of the four variables that significantly influence the 

cost of an eradication program. Despite this significance, information regarding the 

seed bank dynamics of many species being targeted for eradication is often scarce or 

non-existent (Panetta and Timmins, 2004). Not only is there usually considerable 

uncertainty regarding the longevity of the target species seed bank, the distribution and 

extent is often unknown (Panetta, 2004). There is an imperative, therefore, to research 

and incorporate such information so that effective control can be achieved in a timely 

and cost-effective manner.  

 

A study by Lim (2011) indicated that A. arenaria was capable of forming a persistent 

seed bank on coastal foredunes where it is highly invasive. Results from southern New 

Zealand estimated a persistence of at least 21 years, at viability rates in excess of 71.4% 

(Lim, 2011). This finding far exceeds any previous estimates for A. arenaria (Knevel, 

2001; Konlechner and Hilton, 2009) and A. breviligulata (Zhang and Maun, 1994). 

Based on these findings, eradication measures targeting any invasive A. arenaria 

populations will need to continue at least 21 years after flowering populations have 

been controlled.  

 

Although the study by Lim (2011) is a positive development toward the overall 

understanding of the A. arenaria seed bank, little is known about the distribution and 

extent of seed banks, particularly on dunes where A. arenaria is abundant and highly 

invasive. As A. arenaria continues to become more widespread and invasive, these 

dune systems will likely be the focus of eradication efforts, i.e. the Stewart Island 

Eradication Program (Hilton and Konlechner, 2010). Eradication programs are 

generally expensive, time consuming and resource-intensive, so it is important to 

understand all factors which are likely to hinder eradication efforts, before a strategy is 

decided upon and executed.  
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This chapter adds to the current body of knowledge on the A. arenaria seed bank, and 

more broadly, persistent coastal seed banks. It aims to provide a quantitative 

assessment of the A. arenaria seed bank in relation to spatial seed distribution and 

burial depths, on a Type-1 (after Hesp, 2002) foredune where A. arenaria is currently 

being eradicated. To address this aim, the seed bank of the Mason Bay foredune and 

deflation zone was analysed, focusing on: (i) investigating the relative density of the 

seed bank across varying landforms and depths; and (ii) determining the depths to 

which A. arenaria seed remains viable. The soil seed bank was sampled across a range 

of foredune and deflation zone landforms using a soil corer, and seed was extracted and 

tested for viability. The results are discussed further in Chapter Six, within the context 

of management and eradication. 

 

5.2 Seed storage in coastal dunes 

Studies across many plant communities have shown the importance of soil seed banks 

to ecosystem regeneration following disturbance (Weiss, 1984; Moore et al., 2006; 

Vosse et al., 2008). It has been long thought, however, that sand dune systems do not 

possess persistent soil seed banks due to their dynamic nature and the high levels of 

disturbance (Planisek and Pippen, 1984; Ehrenfeld, 1990; Pierce and Cowling, 1991; 

Rowland and Maun, 2001). Some studies contradict such observations though, as 

buried seeds in coastal dunes have been shown to remain viable for 2 years (Pemadasa 

and Lovell, 1975; Zhang and Maun, 1994), and in some cases 21 years (Lim, 2011). 

The seeds of coastal plant species must, therefore, possess adaptations to withstand 

such hostile conditions, and enhance their chances of survival. Seed dormancy is a 

common adaptation in many coastal species (Dixon, 2011).  

 

The hostile conditions in coastal dunes and the constant movement of sand can often 

lead to the burial of dispersed seeds and the onset of dormancy. Pemadasa and Lovell 

(1975) provided one of the earliest studies focusing on the factors affecting dormancy 

and seed germination in sand dune annuals. They recognised that soil moisture, 

temperature and light play a significant role in the dynamics of transient and persistent 

seed banks. Zhang and Maun (1994) obtained similar results in a study on seven Great 

Lakes sand dune species, where deeply buried seeds in five of the seven species were 
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found to contribute to the persistent seed bank. Dormancy was suggested to be 

attributable to the lack of light, unfavourable temperatures and the gaseous conditions 

present during burial at greater depths.  

 

The most recent study conducted by Lim (2011) investigated the effects of light and 

burial on the germination of A. arenaria seed. This study suggested that seed was 

highly sensitive to light and, therefore, well adapted to the constantly shifting substrates 

of coastal environments. Lim (2011) found that seeds/seedlings were unable to 

germinate or emerge from depths greater than 5 cm. This suggests that germination and 

emergence following burial is likely inhibited by the prevention of light penetration 

through the soil. The inhibition of germination and induction of dormancy through 

burial is likely correlated with the persistence of the A. arenaria seed bank.  

 

Studies such as Pemadasa and Lovell (1975), Zhang and Maun (1994), and Lim (2011) 

show that coastal dune systems do contain extensive germinable seed banks, and 

highlight a need for further studies to affirm the existence and characteristics of 

persistent coastal seed banks. It is clear that A. arenaria possesses a persistent seed 

bank, with a longevity of at least 21 years. The factors required to break dormancy and 

promote germination have also been examined; however, the spatial and vertical 

distribution of the A. arenaria seed bank is unknown. The present study will address 

this gap in the literature by providing a systematic analysis of stored seed distribution 

on a Type-1 foredune (after Hesp, 2002) where A. arenaria is highly invasive.  

 

5.3 Method 

To examine the distribution of the Mason Bay seed bank, a section of the dune system 

representative of the alongshore landscape was selected. Although it is recommended 

that a number of small samples from a large field area are necessary to compensate for 

the uneven distribution of seed (Brock et al., 1994), larger samples with fewer 

replicates were chosen for the present study to ensure an adequate representation of the 

seed bank depth profile was obtained. This strategy allowed sampling to be kept to a 

manageable level to fit within the time constraints of this study, whilst still allowing 
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sufficient replication for statistical analyses. The approach chosen to assess the 

composition of the seed bank was the seed extraction method. This is considered more 

accurate than the germination method since it incorporates both germinable and 

dormant seeds (Meissner and Facelli, 1999). 

 

5.3.1 Field Site – Mason Bay 

The seed extraction component of this research was carried out in the K4 parabolic at 

Mason Bay, Stewart Island (Figure 5.2). As mentioned in Section 2.3.1, K4 was chosen 

as it is an undisturbed section of the Mason Bay foredune, and it additionally comprises 

the range of landforms that were identified for the seed production and seed dispersal 

study. (Figure 5.2) This allows for direct comparisons to be made between production 

and dispersal characteristics and the areas of seed storage on this foredune.  

 

5.3.2 Seed extraction field methods 

The soil seed bank was sampled using a soil corer with a 20 cm diameter. A total of 22 

cores, 11 from the foredune and 11 from the deflation zone, were extracted on the 24
th

 

April 2013 – 6
th

 May 2013. These landforms were targeted as they represent areas of 

greatest A. arenaria fertility (Chapter Two), and the dispersion of A. arenaria inland.  

 

Coring is a common method for extracting seed and has been practiced by a number of 

authors across a wide range of habitats (Neill et al., 2009; Nano et al., 2013; Strazisar 

et al., 2013). Each coring site was located within a landform that was representative of 

the wider dune environment (Figure 2.3). Within the foredune complex, three transects 

were sampled (Figure 5.2), ensuring inter-transect continuity across each landform. The 

landforms sampled included: the foredune stoss face, the stoss peak, the plateau, and 

two cores further back on the mid plateau and rear plateau along transect two (Figure 

2.3). A single transect was surveyed through the centre of the deflation zone, 

encompassing a 45 m long nabkha dune. Seven samples were taken at 50 m intervals 

across the deflation zone, in addition to five cores across the nabkha dune. Prior to 

extracting each core, the GPS location was taken and a vegetation survey was 

conducted (Section 5.3.3). The above ground vegetation surrounding the core site was 
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then cut back for ease of coring, and notes were taken regarding the surrounding 

landform features and the site location.  

 

This approach was taken due to the time-consuming nature of core sampling. The 

number of samples allowed sufficient replication for analysis, while keeping the total 

number of increments sampled to a manageable level (Brock et al., 1994). Detection of 

an existing seed bank requires large volumes of sand samples from various depths due 

to the dynamic nature of sand dune systems (Zhang and Maun, 1994).  

 

Foredune 

A trial core was taken first (T1H1), sampling at 20 cm increments up to 260 cm deep 

(e.g. 0–20, 20–40, 40–60 cm etc.). This core allowed for the sampling method to be 

refined, so that unnecessary increments were not taken. Each core took approximately 3 

hours to complete; therefore, sampling time was a valuable limiting factor. The 

following sampling occurred at 20 cm intervals to a depth of 100 cm, and at 20 cm 

intervals to 340 cm deep (0-20, 20-40, 40-60, 60–80, 80–100, 140–160, 200–220, 260–

280, 320–340 cm). Care was taken to avoid the disturbance of surrounding sand to 

prevent any contamination of samples. Once extracted, samples were then individually 

bagged and wet-sieved through a 500µm mesh nylon bag. This separated sand from the 

sample leaving only the seeds and organic matter to be further sorted. Samples were 

then stored in organza bags and air-dried for further processing.   

 

Deflation zone 

The core depths throughout the deflation zone varied slightly from those in the 

foredune as this environment is predominantly gravel with less sand accumulation 

(Figure 5.3).  Cores were extracted at 20 cm intervals to 60 cm deep along the deflation 

transect, and to 100 cm deep across the nabkha dune (Figure 5.4). The remaining 

methods were consistent with those described above.  
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5.3.3 A. arenaria vegetation analysis 

A vegetation survey was carried out at each coring site prior to the commencement of 

coring, to examine the relationship between potential patterns of seed input and the soil 

seed bank. A 120 x 120 cm quadrat was centred over the core site, and the percentage 

vegetation cover and total number of A. arenaria inflorescences within the quadrat 

were recorded. The percentage vegetation cover was a subjective measure, based on 

leaf-cover abundance within the quadrat. A more accurate of analysis of seed 

production and vegetation cover was undertaken using the Daubenmire scale and a 

series of statistical analyses in Chapter Two. This will be used in conjunction with the 

results of this chapter to examine the association between the above ground vegetation 

characteristics and the soil seed bank. 

 

 

Figure 5.2: Location of the A. arenaria seed extraction core sites, K4, Mason Bay and 

the wind rose for the period 7/4/12 – 6/5/13. T1, T2 and T3 are located on the foredune 

and DF refers to the deflation zone.  
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Figure 5.3: The sparsely vegetated deflation zone of the K4 parabolic dune, Mason 

Bay. 

 

 

Figure 5.4: The sampled nabkha dune within the K4 parabolic, Mason Bay. 
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5.3.4 Seed extraction laboratory methods 

Following wet sieving, the reduced core samples were then passed through a series of 

4000 µm, 2000 µm, 1000 µm and 500 µm sieves to separate the seeds from the 

remaining sediment and organic matter. The seeds were extracted from the residue 

using a magnifying glass and fine tweezers. The seeds were then stored in sealed 

envelopes, and underwent a cold stratification treatment of 6.1° at 71% RH for 8 

weeks.  

 

5.3.5 Seed viability testing 

To determine the percentage viability of the extracted seeds, a germination experiment 

was conducted using a Contherm Phytotron Climate Simulator, programmed with a 

fluctuating temperature regime and 14 hour photoperiod (22°/15°; 14h/10h). The 

selected regime was consistent with the methods of Hendry and Grime (1993) and Lim 

(2011), and was a simulation of the late spring/early summer conditions under which A. 

arenaria seed would naturally germinate.  To ensure continuity across the experiment, 

all of the seeds were removed from their caryopsis (where applicable) and were 

separated into 90mm Petri dishes based on the core and extraction depth (Figure 5.5). 

Each dish was lined with Whatman No.4 filter paper and was moistened with distilled 

water. The percent viability experiment commenced on the 8
th

 July 2013 after the seeds 

had undergone the cold stratification treatment. The experiment was conducted for a 

total of 45 days, based on the methods of Lim (2011) whereby germination was found 

to have ceased after 44 days.  

 

Throughout the experiment, filter papers were moistened daily using distilled water, 

and each dish and tray was rotated to ensure a consistent exposure to any variations in 

temperature and light conditions within the climate simulator. The germination of seeds 

was recorded when the radicle became visible (Van der Putten, 1990), and all of the 

germinated seeds were removed from the petri dishes after 30 days to minimise any 

interference with the remaining seeds. Figure 5.6 shows the stages of radicle emergence 

in A. arenaria seed. Fungal growth was also monitored throughout the experiment and 

filter papers were replaced as necessary. For the purposes of this study, seeds were not 
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disinfected prior to viability testing. It is important to replicate natural germination 

conditions and disinfection is likely to eliminate various kinds of pathogenic and non-

pathogenic organisms which are present during natural germination (Baskin and 

Baskin, 1998).  

 

5.3.6 Statistical analysis 

Statistical analyses were conducted using IBM SPSS Statistics (SPSS Inc,; version 20) 

in two parts – first, to analyse the distribution of stored seeds, and second, to evaluate 

seed viability. Basic descriptive statistics and charts were formulated using both SPSS 

and Microsoft Office Excel to identify initial trends in the distribution of stored seed. 

The observed trend was then validated using a Poisson regression model (Gardner et 

al., 1995), along with an omnibus test, test of model effects, 95% confidence intervals 

and parameter estimates test to identify levels of significance. Several preliminary 

regression analyses were conducted; however, the Poisson regression model was found 

to be most applicable due to the ‘count’ format of the seed distribution data set.  

 

Seed viability was assessed using basic descriptive statistics and charts to establish 

preliminary trends. To further evaluate the seed viability–burial depth interaction, a 

one-way Analysis of Variance was performed, along with Levene’s Equal Variances 

Test and a Post hoc LSD multiple comparisons test (Harraway, 1997). The results of 

the viability tests were then represented on a bar chart with one standard deviation error 

bars and a scatter diagram. The one-way Analysis of Variance was selected as the 

viability data was normally distributed and met the assumptions of homogeneity of 

variance (α = 0.05).  
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Figure 5.5: Seed viability testing. Upper: Seed trials in the climate simulator growth 

cabinet. Lower: A Petri dish with moistened filter paper and seeds extracted from 

transect one, core three at 20–40 cm. 
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Figure 5.6: Stages of A. arenaria seed germination: A dormant seed on the left, to the 

emergence of the primary shoot on the right. 

 

5.4 Results 

5.4.1 Distribution of stored seed across landforms 

Seed storage within the foredune showed a high degree of variability (Figure 5.7). The 

Poisson regression found evidence of a significant difference between the mean seed 

counts of the five foredune environments (Omnibus test: d.f = 4, P = 0.000, Test of 

model effects: d.f = 4, P = 0.000). Stored seed increased from the stoss face (core one) 

to the mid-plateau (core three), and then decreased from the mid-plateau (core four) to 

the rear-plateau (core five; Figure 5.8). The 95% confidence intervals for the predicted 
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values are shown in Table 5.1. The parameter estimates for this regression indicated 

that the seed counts were significantly higher in all cases compared with the stoss face. 

This is represented by the positive β values and the significant p-values between the 

reference (stoss face) and the remaining four points (see Appendix VII). This confirms 

that seed numbers increased inland from the stoss face, with the greatest accumulation 

rates occurring on the plateau.  

 

The seed storage characteristics of the deflation zone were quite different to the 

foredune. Very little seed was present across all of the cores. No seed was found in 

cores 1–7 which were located on the flat, predominantly gravel section of this feature, 

and only a small amount was extracted from cores 8–11, which were situated across 

one of the small nabkha dunes within the deflation zone. Cores 8, 9 and 11 had a total 

of 14, 7 and 3 seeds respectively. This shows that seed is primarily concentrated in the 

centre of the nabkha dune (Figure 5.9).  
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Figure 5.7: Total number of seeds extracted per core. T1, T2 and T3 are the foredune 

transects (H1 –stoss face, H2 –stoss peak, H3 –plateau, H4 –mid-plateau, H5 –rear-

plateau) and DF is the deflation zone (H1 is the landward extent with cores thereafter 

moving seaward).  

 

 

Table 5.1: Predicted means for seed counts across the foredune landforms: 95% 

confidence intervals for the predicted mean seed counts shown in Figure 5.8. 

 

 

Landform Distance Mean Std. 

Error 

95% Wald Confidence 

Interval 

 Lower Upper 

Stoss face 20.00 23.6667 2.80872 18.1617 29.1717 

Stoss peak 40.00 65.6667 4.67856 56.4969 74.8365 

Plateau 60.00 121.3333 6.35959 108.8688 133.7979 

Mid-plateau 90.00 41.0000 6.40312 28.4501 53.5499 

Rear-plateau 115.00 36.0000 6.00000 24.2402 47.7598 
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Figure 5.8: Upper: The actual mean seed count and predicted mean seed count for each 

core across the foredune. Lower: The location of the soil seed bank cores on the K4 

foredune profile. High water = high tide on the day of surveying. VE = 3.7. 
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Figure 5.9: Total number of seeds extracted from the deflation zone (H11 is the 

seaward extent with cores thereafter moving inland). 

 

5.4.2 Distribution of stored seed across landforms 

The foredune seed bank was also highly variable with depth. Seed was found up to 340 

cm deep in all foredune sites except for the stoss face where seed was present to only 

220 cm depth. Generally, seed was concentrated between 60 cm and 220 cm, with little 

seed in the top 40 cm of each core relative to the total number. Seed was found to only 

80 cm in depth in the nabkha dune. 

 

5.4.3 Seed viability with depth 

Upon completion of this experiment, 69.4 % of the total seeds had produced a radicle 

and were, therefore, deemed viable. There is no evidence, however, of a significant 

difference between the mean percentage viability at different depths (one-way 

ANOVA: d.f. = 8, F = 0.584, P = 0.788). There is a large amount of variation in the 
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dataset which must be taken into account when considering the validity of the statistical 

outcomes (Levene’s Equal Variances Test: F = 2.284, P = 0.033).  

 

Figure 5.10 shows the mean percentage of seeds that were viable across the different 

sample depths, and further exemplifies the large variability in seed viability with depth. 

No apparent trend in viability with depth is evident in the bar chart, but the large error 

bars across the majority of extraction depths, again characterise the inherent variation in 

this dataset. Figure 5.11, however, does show a concentration of higher viability at 

shallower depths. 67% of the samples between 0–100 cm deep, had an overall viability 

in excess of 60%, compared to only 46% of samples from a depth of greater than 100 

cm.  

 

 
 

Figure 5.10: The mean percentage of seeds that were viable across sample depth. This 

is a collation of the 11 foredune cores.  
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Figure 5.11: The percentage viability values for each depth sample on the foredune. 

The red box highlights the viability of seeds between 0–100cm in depth. 

 

5.4.4 A. arenaria vegetation analysis 

The vegetation surveys conducted at each site prior to coring indicated that the stoss 

face is the densest area of seed production on the foredune, with inflorescence numbers 

decreasing inland. The number of inflorescences per 1 m
2
 on the stoss face was much 

larger than the stoss peak, and furthermore the plateau (Table 5.2) across all three 

transects. At some sites, replicate surveys were undertaken after three days of severe 

winds which caused a lot of seed transport and damage to inflorescences. Numbers for 

these samples were not comparable to pre-storm samples. The trend identified in this 

section is similar to the results shown in the extended seed production study in Chapter 

Two.  
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Table 5.2: Foredune vegetation survey: Number of inflorescences per 1 m
2
 and 

percentage vegetation cover across the five foredune sampling sites. NB. * Surveys 

conducted after three days of severe winds. N/A – replicate survey was not taken in 

these zones.  

  Stoss face Stoss peak Plateau Mid-plateau Rear-plateau 

Transect number 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 

No. inflorescences 80* 13* 53* 24 0* 4* 4 0 2* 0 N/A N/A 0 N/A N/A 

% vegetation cover 90 98 95 80 85 85 95 75 80 98 N/A N/A 75 N/A N/A 

 

5.5 Discussion 

A. arenaria seed is known to persist in storage for at least 21 years (Lim, 2011). The 

findings of this chapter build significantly on the work of Lim (2011) by providing a 

systematic analysis of the patterns of seed storage and viability in the primary area of 

seed production, the foredune. The results of this study will be discussed in two parts: 

(i) the distribution of stored seed at Mason Bay; and (ii) seed viability at Mason Bay. 

The results of this chapter are a significant addition to the current understanding of the 

A. arenaria seed bank as a qualitative analysis of stored seed distribution has not yet 

been undertaken on a Type-1 (after Hesp, 2002) foredune. This study is particularly 

relevant to foredunes where A. arenaria is considered highly invasive, and will allow 

for more informed decision-making when controlling and eradicating invasive A. 

arenaria populations. 

 

5.5.1 The distribution of stored seed at Mason Bay 

Within the wider transgressive dune system at Mason Bay, the foredune is the primary 

zone of A. arenaria flowering (Chapter Two). It is, therefore, anticipated to be the area 

of greatest seed storage as the optimal landform and wind breaking effect of the dense 

foredune canopy generally results in abundant seed reserves (Yan et al., 2005). This 

was confirmed by the findings of this study, as very little seed was found in the 

deflation surface and nabkha dune, with the primary areas of accumulation occurring in 

the foredune. However, the current findings established that seed storage is not uniform 

within the foredune. The patterns of seed storage are hence, discussed in two parts: 

first, considering the horizontal and vertical distribution of stored seed in the foredune, 
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and second, examining the presence of stored seed in the deflation zone and nabkha 

dune.  

 

Foredune seed storage 

Looney and Gibson (1995) suggested that well developed seed banks are frequently 

associated with areas of limited disturbance. The findings presented here are consistent 

with this theory as a large persistent seed bank was found in the stable, A. arenaria-

dominated foredune at Mason Bay. The key findings identified in this section are: (i) 

Seed quantities varied horizontally across landforms, increasing from the stoss face to 

the plateau, and then decreasing inland; (ii) seed was present up to at least 340 cm deep 

at all foredune sites except the stoss face; and (iii) seed quantities varied vertically with 

most seed concentrated between 60 cm and 220 cm, and relatively little seed in the top 

40 cm of each core.  

 

The association between horizontal seed storage and foredune landform diversity in the 

current study is consistent with the ideas of Zhu (1963). Zhu suggested that the lower 

section of the windward slope is the erosion-prone zone, and the upper part of the slope 

(including the dune crest) is the burial-prone zone. The small seeds of A. arenaria are 

easily buried in dune habitats prone to burial (Maun, 2009), such as the stoss peak. The 

quantities of stored seed also correlated closely with the areas of seed production 

outlined in Chapter Two and Section 5.4.4. The stoss face is the densest area of seed 

production, with inflorescence numbers decreasing inland. Based on the predominantly 

onshore winds (Figure 5.2) and low quantities of stored seed on the stoss face, it is 

reasonable to suggest that the majority of seed produced on the stoss face is launched 

and dispersed onto the plateau, where it is intercepted by the dense A. arenaria canopy 

and settles on the sand surface. Similar results were found in a study on the spatial 

patterns of an inland Mongolian seed bank undertaken by Yan et al. (2005). Wind 

action and sand movement were said to be the most important abiotic factors 

controlling horizontal seed distribution. Seeds were blown from the lower part of the 

windward slope to the upper part or dune crest where they are buried (Yan et al., 2005). 

The fate of the seed is then determined by one of the five processes outlined in Figure 
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5.1. In the current study, it is evident that a significant proportion of seed succumbs to 

burial and becomes a part of the soil seed bank. 

 

The density of the foredune canopy across all five landforms would also suggest there 

is little space for secondary dispersal (Section 2.4.2, Table 5.2). Evidence from the 

Oreti Beach foredune suggested that secondary seed dispersal was limited to a few 

centimetres in areas with a moderate vegetation density (Section 3.6.3). This may be 

the reason seed numbers decreased towards the rear-plateau as this is a large distance 

for seeds to be transported during the primary phase of dispersal, and the opportunity 

for secondary movement is limited by the dense vegetation canopy. Seed stored in the 

rear-plateau is likely a result of strong winds causing rare longer-distance dispersal 

from the stoss face, or from seed drop from occasional flowering plants (Section 3.7.1). 

Although the age of seed was not determined in this study, the seed stored in the rear of 

the foredune may have also persisted through several years of progradation and 

accretion (Figure 2.6). This would mean that when it first entered the seed bank, this 

area was a lot closer to the stoss face, and thus, the flowering population. Seed losses 

may have occurred since this time, with current numbers being the remnants of a long-

term persistent seed bank.  

 

Despite the increase in stored seed inland of the stoss face, the horizontal distribution of 

stored seed was highly variable on the foredune. This variability is an expected 

consequence of two fundamental processes. First, the Mason Bay foredune comprises 

highly diverse local topography, and therefore, the occurrence of topographic steering 

of wind, and subsequently seed dispersal is probable. Baskin and Baskin (1998) 

suggested that this is common in soil seed bank studies as seeds are often unevenly 

distributed spatially. Second, the spatial variation in seed production and the proximity 

of flowering populations to sample locations is likely to affect the seed quantities at 

each coring site. The seed banks of most species are aggregated in clusters which have 

an irregular distribution across the landscape (Thompson, 1986). It is common for 

whole inflorescences to break off and fall before the seeds are released, resulting in 

small clusters of seeds buried in a single location (Laing, 1958). Although it was not 

formally examined in this study, several whole A. arenaria inflorescences were found 

on the ground during the ground surface survey (Section 3.5.2).  
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The distribution of seed with depth was also variable in the foredune. It is important to 

note, however, that seed was found to the maximum depth of sampling (340 cm) at all 

foredune sites, except for the stoss face. The burial of seed at such great depths is rather 

unique to this study due to the active nature of coastal foredunes. Most soil seed bank 

studies encompass only the top 15 cm of the soil profile due to the stable nature of the 

sampling substrate (Thompson and Grime, 1979; Gross, 1990; Looney and Gibson, 

1995; Aziz and Khan, 1996; Gul and Weber, 2001; Yan et al., 2005). Given the average 

accretion rates on the Mason Bay foredune (Figure 2.5), seed is likely to be buried 

annually, whilst successively increasing the depth of the soil seed bank.  

 

The majority of seed was concentrated between 60 cm and 220 cm below ground, with 

relatively little seed in the top 40 cm of each core. This result is surprising given that 

seed within the top 40 cm would have had a shorter exposure to stresses such as 

predation, micro-organisms, and decay, and therefore, ought to be more abundant. 

However, this distribution may be due to imperfect sampling, layers of seed being 

buried annually with accretion, or, the continual erosion and sand movement at the 

surface exposing seeds to secondary transportation.  

 

The A. arenaria canopy is dense (Section 2.5.2); however, strong winds may move 

seeds by rolling them across the sand surface, particularly away from the windward 

face towards more stable sites where burial can occur (Maun, 2004). The results of 

Section 3.6.3 suggest that this is unlikely given the density of the vegetation canopy; 

however, secondary transport was not analysed on the Mason Bay foredune. Lower 

seed mobility with depth would be expected and hence, greater stored seed quantities 

away from the surface. It is reasonable to suggest that variations in seed quantities at 

depths greater than 60 cm, may be attributed to predation in the soil, decomposition by 

micro-organisms or fungi (Van der Putten et al., 1993), physiological decay (Maun, 

2004), or seasonal variations in flowering associated with the different burial depths 

(Figure 5.1).   

 

The statistical testing conducted was applicable and robust; however, the inherent 

variation in this dataset must be considered when assessing the validity of the statistical 
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outcomes. The large amount of variation may or may not be improved by increased 

sampling efforts (Thompson, 1986), although the time-consuming nature of the 

employed sampling strategy restricted the amount of repetition that was able to be 

carried out within the bounds of this research. The isolation and exposed climate at the 

study site, along with limited funding also restricted repeating the study. If further 

investigations into the A. arenaria seed bank were to be carried out, it would be 

advisable to work on an easily-accessible site, allowing additional work to be 

undertaken after a preliminary survey. Data could be collected over a longer time 

period, initial data could be analysed, and the spatial resolution of the study could be 

altered if necessary. 

 

Deflation zone seed storage 

No seed was found in the deflation zone, and only a small amount was present in the 

nabkha dune situated at the seaward edge of this zone. This result is expected as the 

deflation zone is predominantly gravel, sparsely vegetated, and has very few obstacles 

around which sand can accumulate (Figure 5.3). As sand accumulation is a requirement 

for burial (Maun 2004), any seed which is transported into the deflation zone is unlikely 

to enter the soil seed bank, as there is limited sand accumulation to bury the seed. No 

seed was found on the surface, indicating that a lack of appropriate accumulation sites 

coupled with frequent winds, give a short residence time for any seed landing in this 

area (Kinloch and Friedel, 2005). This supports the findings of Pope (2005) who 

suggested that although the outer hairs of A. arenaria seeds aid lodgement, there is 

limited potential for seeds to settle in open spaces.  

 

These results do, however, show a small cluster of stored seed in the nabkha dune. The 

sampled nabkha was one of the larger nabkha dunes contained within the K4 parabolic, 

and was sparsely vegetated by A. arenaria, Pimelea arenaria, Ficinia nodosa and 

Coprosma acerosa (Figure 5.4). The feature spanned about 45 m long, with a 

maximum height of approximately 2.5 m. This provides a likely location for seed 

entrapment and sand accumulation within the deflation zone. A similar phenomenon 

was observed by Nano et al. (2013) whereby Acacia peuce seed was only recovered 

from sandy mounds within a desert pavement near Alice Springs, Australia. They 
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attributed the spatial patterning of A. peuce seed to: (i) the trapping of windblown pods 

by subshrub mound vegetation; and (ii) the rapid burial of any loose seed by 

windblown sand that accumulates around these subshrubs.  

 

Higher quantities of seed were extracted from the middle of the nabkha dune, 

decreasing toward the seaward edge. This is likely to be from two sources. First, the 

majority of the flowering A. arenaria on the nabkha dune is located at the seaward 

edge; therefore, seed produced on this feature is likely to be transported downwind 

towards the crest of the feature during moderate wind events. The small amount of seed 

may also be a result of seed drop around the base of the flowering plants under low 

wind speeds. There is an additional possibility that seed may have been transported 

from the foredune during extreme wind events, having been intercepted by this area of 

vegetation and accumulating sand. However, the latter is unlikely given the large 

dispersal distance between the flowering foredune population and the nabkha dune.  

 

The quantity of stored seed in the nabkha dune was far less than that of the foredune. A 

total of 24 seeds were extracted from the 11 cores taken from this feature. This is 

probably a result of: (i) fewer flowering plants in the deflation zone and thus, limited 

local seed production; (ii) less vegetation to trap seed; and (iii) the large dispersal 

distance between the foredune flowering population and the deflation zone. The lack of 

seed produced in, and dispersed, to this zone, results in less seed entering the soil seed 

bank. 

 

5.5.2 Seed viability at Mason Bay 

Of the total seeds extracted and tested for viability in this experiment, 69.4% produced 

a radicle within the 45 day growth period, and were classified as viable. Although the 

seeds extracted from the deflation zone are included in this total, the primary focus of 

this section is to investigate seed viability in the foredune as this is where stored seed 

quantities are greatest. The discussion of stored seed viability will be considered in two 

parts based on the two principal findings. First, focusing on the highly variable viability 



125 

 

rates across different depths, and second, the higher viability of seeds extracted from 

shallower depths. 

 

The depth of burial in the foredune had little effect on the mean percentage viability 

rates. Viable seed was found at all depths, up to 340 cm deep, and was highly variable 

across sampling depths. The presence of viable seed at all depths supports the findings 

of Lim (2011), in that stored seed is well preserved in the substrate and can remain 

viable for long periods of time. Although the depositional record of the Mason Bay 

foredune is limited compared to that of Lim’s St. Kilda Beach site, a profile record 

(Figure 2.6) suggests that seeds buried 2 m deep in the mid- and rear-plateau could be 

at least 14 years old. Seeds stored only 1 m deep on the stoss peak and plateau are 

likely to be the same age. However, the present study assumed that seeds did not 

migrate up and down the soil profile during burial. This is an avenue that could be 

further explored. The depth of the extracted seeds may not be entirely indicative of the 

period of burial, or the above sand accumulation rates. Seeds may be moving both 

horizontally and vertically, meaning that viable seeds buried at greater depths may not 

be as old as this study estimates. This would be a relatively straight-forward element to 

examine by burying contained seeds at a known depth and monitoring movement over 

time. The profile record was also taken approximately 400 m south of the present study 

site so there may be some alongshore variation. Large discrepancies are unlikely due to 

the alongshore uniformity of the foredune; however, the micro-topography of the 

current site is likely to vary somewhat from the profile record.  

 

Despite the large amount of variability, more seeds at shallower depths were found to 

be viable. Of the samples between 0–100 cm deep, 67% had viability values greater 

than 60%. This compared with 46% in samples from a depth of greater than 100 cm. 

This is likely related to the younger age of seeds nearer the surface, and their shorter 

exposure to pressures such as physiological decay, predation and pathogenic 

decomposition (Maun, 2009). It is possible that these results were skewed by above 

ground seeds contaminating samples, although care was taken to avoid contamination. 

The colour of the caryopses was also an indicator of whether seeds had been buried or 

not. The unblemished caryopses were excluded from the counts as they were likely to 

be contaminants. 



126 

 

Contrary to the results of the current study, Miller and Nalewaja (1990) found that seed 

viability was in fact influenced by burial depth in a study on wild oat (Avena fatua). 

More viable seeds were recovered from deep compared with shallow burial depths in 

two separate locations. This trend has also been observed in studies on various weed 

and grass species such as Chepil (1946), Dawson and Bruns (1975), and Roberts and 

Neilson (1980). This phenomenon has been attributed to greater environmental 

extremes and greater germination rates at the surface. These studies, however, were 

conducted in a comparatively inactive environment which may account for such 

discrepancies. The seeds of plants occupying beach and foredune habitats are more 

prone to burial than those of stable environments (Maun, 2009). Seeds are likely to be 

buried at greater depths over shorter time periods, as sand and wind activity continually 

alter the landscape.  

 

Strazisar et al. (2013) suggested that while total seed densities provide general 

information on the number of seeds present, further classification as to the viability and 

structure (e.g. intact and decomposing seeds) would provide indications on seed bank 

viability and seedling recruitment potential. It would be interesting to investigate the 

relationship between seed structure and viability, and how this varies across the 

landscape and depth profile. Although variations in seed structure were observed in the 

present study, it was not formally determined whether seeds became more wizened with 

depth, and if wizened seeds had varying viability rates to the intact seeds. Including an 

analysis of the extracted seed structure may also be of value in future studies. 

 

5.6 Chapter summary 

Coastal grasses are known to form persistent seed banks in dune environments (Zhang 

and Maun, 1994).  The seed bank of A. arenaria has gained increasing attention in 

recent years (Knevel, 2001; Konlechner and Hilton, 2010; Lim, 2011), due to the 

ecological impact of this species outside its natural range. Lim (2011) suggested that 

stored seed can remain viable for at least 21 years. However, prior to the current study, 

little was known about the spatial distribution of stored seed across and within the 

foredune complex. The foredune environment is of particular importance at Mason Bay 

as it provides a large and significant source for seedling recruitment, and a potential 
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source for invasion of A. arenaria into the hinterland. The present study, therefore, 

provides the first systematic evaluation of the A. arenaria seed bank, focusing on: (i) 

the spatial distribution of stored seed across and within the Mason Bay foredune and 

deflation zone; and (ii) the depth at which stored seed remains viable.  

 

(i) The soil seed bank was investigated using a core sampling method and was 

found to vary significantly across space, probably reflecting variations in 

seed dispersal and production. Seed quantities increased from the stoss face 

to the plateau, and then decreased towards the rear-plateau. Very little seed 

was found in the sparsely vegetated and exposed deflation zone and nabkha 

dune.  

 

Seed was found to the maximum depth of sampling (340 cm) at all foredune 

sites, except for the stoss face. Most seed was concentrated between 60 cm 

and 220 cm, and relatively little seed was found in the top 40 cm of each 

core. This is likely due to the continual erosion and sand movement at the 

surface, and the stability that occurs with depth. 

 

(ii) A fluctuating temperature regime and 14 hour photoperiod (22°/15°; 

14h/10h) was used to emulate natural conditions and determine the viability 

of the extracted seeds. The results of this experiment showed no significant 

trends in viability across depth; however, 69.4% of the tested seeds were 

viable, and viable seeds were found up to 340 cm deep in the foredune. A 

concentration of viable seeds was found at shallower depths, which is likely 

due to the younger age of seeds nearer the surface, and their shorter 

exposure to physiological and pathogenic stresses. 

 

The present study has shown that the A. arenaria seed bank is persistent and extensive 

on Type-1 foredunes (after Hesp, 2002) where A. arenaria is invasive. This is the first 

study to methodically evaluate stored seed distribution, and highlights the seed bank as 

a potentially significant source of future regeneration. The seed bank is likely to 

encumber eradication efforts; therefore, the implications of the current findings on 

future management will be discussed in Chapter Six. 
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Chapter Six 

Implications of the present study for the management 

and control of Ammophila arenaria 

 

 

6.1 Introduction 

The results of the current study have indicated that the foredune environment at Mason 

Bay provides a highly efficient system in terms of producing, dispersing and storing A. 

arenaria seed. Large quantities of seed are produced on the foredune and the density of 

the A. arenaria canopy results in this landform acting as a ‘sink’ for seed storage. Most, 

if not all seed produced within the foredune is dispersed within this landform; however, 

long-distance dispersal (LDD) into the hinterland cannot be ruled out during extreme 

wind events.  

 

Under average accretion rates of 0.2 m per year (Figure 2.6), it is likely that A. arenaria 

seeds dispersed within the Mason Bay foredune are buried at rates which prevent 

immediate germination. Germination and seedling survival is also restricted within the 

foredune vegetation canopy due to the limited light penetration that is required to 

induce germination. This contributes to the development of the highly persistent and 

extensive soil seed bank.  

 

This seed bank is likely to pose several challenges to the Department of Conservation at 

Mason Bay. Eradication efforts have been previously focused on eliminating above-

ground vegetation, and must now consider the viable seeds stored up to at least 340 cm 

below the surface. These seeds can be stored for extensive periods of time (at least 21 

years; Lim, 2011), until conditions are favourable for seed germination and seedling 

establishment (Maun, 2009).  
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This chapter examines the implications of these findings for the future management of 

A. arenaria at Mason Bay. Until the present study, the understanding of A. arenaria 

seed bank dynamics on the Mason Bay foredune was minimal. The future management 

of the foredune will be a critical step in eradicating A. arenaria from the Mason Bay 

dune system, due to the large seed bank that has developed within this accreting 

landform. The relevance of this chapter is first discussed, followed by the implications 

of the current findings for the future management of A. arenaria at Mason Bay. This is 

followed by an overview of the proposed management scenarios for this site.  

 

6.2 Relevance of the present study to A. arenaria 

management at Mason Bay  

The future management of A. arenaria at Mason Bay is likely to be influenced by the 

results of the present study. Evidence from Doughboy Bay, Stewart Island (the first 

target area of the Stewart Island Marram Eradication Programme) stated that progress 

was being hampered by regeneration from buried seed (Konlechner and Hilton, 2010). 

Full eradication has almost been achieved; however, annual knapsack spray operations 

are ongoing due to the persistence of the soil seed bank.  

 

The results from Doughboy Bay highlighted the importance of understanding the 

processes associated with the formation of the A. arenaria seed bank at Mason Bay. 

The foredune at Mason Bay has prograded seaward by approximately 70 m since 1960 

(Hilton et al., 2006), and is now a large, continuous foredune with a homogenous A. 

arenaria canopy. As the foredune continues to accrete, the soil seed bank will become 

increasingly deeper. This is particularly problematic for the Department of 

Conservation who are seeking to eradicate A. arenaria from this dune system, as a 

significant source of viable seed is buried at least 340 cm deep in the foredune.  

 

Until this study, the characteristics of seed production, dispersal and storage in large A. 

arenaria-dominated foredunes (Type-1, after Hesp, 2002) were not fully understood. A 

lack of knowledge about the fundamental processes contributing to the formation of the 

soil seed bank (which has been identified as problematic at Doughboy Bay), would 
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have resulted in the inefficient use of future resources at Mason Bay. This study has 

provided the means for understanding the extent and persistence of the soil seed bank at 

Mason Bay, and will allow for the Department of Conservation to develop a strategy to 

effectively target this feature. The efficient success of eradicating A. arenaria from the 

Mason Bay dune system is highly dependent on the eradication of the soil seed bank, as 

it is a significant source of viable seed for regeneration (Konlechner and Hilton, 2010).  

 

6.3 The implications of the current findings for the 

management of A. arenaria at Mason Bay 

Spatial patterns of seed production 

Seed production on the A. arenaria-dominated foredune at Mason Bay is high. This 

area represents a significant source of seed for the foredune seed bank, and a potential 

source of A. arenaria invasion into the dune hinterland via LDD. The flowering 

population on the Mason Bay foredune needs to be eradicated to limit the input of seed 

in to the soil seed bank, and to reduce the likelihood of A. arenaria invasion into the 

dune hinterland. The current study did not investigate the potential for LDD from the 

foredune to the hinterland; however, it cannot be ruled out during extreme wind events.  

 

Although it was not formally examined in this study, observational evidence also 

suggests that seed produced on the parabolic dune arms and nabkha dunes is likely to 

contribute to inland invasion. These areas are currently uncontrolled, with the area of 

spraying extending to the depositional lobes of the parabolic dunes (Figure 6.1). It is 

important for A. arenaria to be eradicated from these areas to limit the development of 

the soil seed bank, and reduce the likelihood of LDD into the hinterland.  

 

The foredune A. arenaria population could be eradicated with the aerial application of 

herbicide via helicopter. This population is relatively contiguous and would require 

annual spraying for 2–3 years. Herbicide trials on the Mason Bay foredune revealed an 

almost complete die-back of A. arenaria after approximately 3 years of annual spraying 

(Hilton, M., pers. comm. 2014). A significant financial investment would be required 
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due to the scale of the targeted area (several kilometres of foredune), and the 

continuation of hinterland target-spraying concurrently. In the case of limited available 

resources, a potential solution would be to alternate the target environment each year, 

and spray each environment biennially. This would reduce the required financial input 

whilst effectively controlling flowering until greater resources could be committed.  

 

Spatial patterns of seed dispersal 

The seed dispersal analyses at both Mason Bay and Oreti Beach suggest that the 

foredune is a ‘sink’ in terms of A. arenaria seed dispersal. Most, if not all seed remains 

within the foredune due to the dense plant canopy that restricts dispersal. This 

represents a significant input to the foredune seed bank, and suggests that the recurrent 

outbreaks of A. arenaria in the hinterland are probably derived from alternative seed 

sources; most likely the parabolic dune trailing arms and the nabkha dunes which have 

not yet been sprayed (Figure 6.1).  

 

It is possible, however, that the foredune provides the parabolic arms and nabkha dunes 

with seed during exceptional wind events. This reiterates the importance of targeting 

these areas simultaneously, in order to limit the development of the soil seed bank in 

the foredune and parabolic dune environments, and to reduce the potential for LDD into 

the dune hinterland.  

 

Seed germination and seedling survival 

The dense A. arenaria canopy restricts the germination of seed in the Mason Bay 

foredune, which encourages the development of the soil seed bank. However, this is 

expected to change mid-way through the restoration process when the vegetation cover 

has been removed and the germination of stored seed is promoted by the exposure to 

light. The survival of seedlings will depend on the steepness of topography and the 

acceleration of wind and suspended sand.  Managers at Mason Bay will need to monitor 

the survival of seedlings under the changing conditions. The options for managing this 
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occurrence are further discussed in the ‘natural mobilisation’ management scenario 

outlined in Section 6.4.  

 

In addition to the foredune, it is important to manage the regeneration of A. arenaria 

seed in the Mason Bay dune hinterland where open sites are common. Targeted spray 

operations are currently being undertaken in this area in an attempt to eradicate all A. 

arenaria adult plants and seedlings. This is carried out on an annual basis using a grid 

search method with GPS. The plants are sprayed with herbicide using knapsacks, or a 

pump unit mounted on an ARGO amphibious vehicle (see Hilton and Konlechner, 

2010). Continuing the current strategy of grid searching in the hinterland is important to 

control the further spread of A. arenaria inland. However, long-term strategies 

targeting the foredune population and parabolic arms will need to be developed, as 

LDD into the hinterland remains a possibility until all flowering populations are 

controlled. 

 

The soil seed bank 

The magnitude and persistence of the A. arenaria seed bank is likely to determine the 

duration of control and the resources that will be required for eradication at Mason Bay. 

If left unmanaged, the soil seed bank will continue to be exposed by small-scale and 

larger-scale erosion events and pose a serious regeneration threat on the foredune. 

Previous evidence from Doughboy Bay suggests that seedlings were emerging at least 9 

years after flowering plants were eradicated (Konlechner and Hilton, 2010), and this 

time period is likely to be much longer at Mason Bay due to the larger size of the 

foredune and the soil seed bank.  

 

The strategies for managing the soil seed bank at Mason Bay are likely to be difficult, 

given the scale of the foredune and the density and extent of the stored seed. Proactive 

solutions such as bulldozing to remove seed (options discussed in Section 6.4), will be 

large scale, and any reactive responses, such as controlling regeneration as erosion 

events expose viable seed, will need to be maintained for many years. Seed banks are 

known to persist for at least 21 years in southern New Zealand (Lim, 2011); therefore, 
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deeply buried seeds at Mason Bay are likely to remain a regeneration threat as long as 

the foredune exists. The likelihood of erosion and thus, the exposure of stored seeds for 

re-dispersal, will also increase as the above-ground vegetation is eradicated and 

destabilisation occurs (Maun, 2009). Inland areas such as the nabkha dunes also contain 

persistent soil seed banks and will need to be continually controlled to avoid the re-

establishment of A. arenaria populations. 
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6.4 Management recommendations for Mason Bay 

A three-stage management strategy is proposed to eradicate A. arenaria from the 

Mason Bay dune system (Figure 6.2). Within this strategy, two alternative scenarios 

have been developed to target the soil seed bank. Several strategies have been 

developed to target soil seed banks (Figure 6.3); however, the scope of the Mason Bay 

foredune, the persistence of the A. arenaria seed bank, and the vertical depth of the 

buried seed, provide a unique situation that has probably not been encountered before.  

 

 

Figure 6.2: The recommended management strategy for eliminating A. arenaria from 

the Mason Bay dune system. 
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Figure 6.3: Management options for reducing persistent soil seed banks (adapted from: 

Milton and Hall, 1981; Kremer, 1993; Cohen et al., 2008; Richardson and Kluge, 

2008). 

 

Scenario one: ‘Natural mobilisation’ 

The first stage of the ‘natural mobilisation’ process would be to eradicate the foredune 

vegetation, and the A. arenaria population immediately inland on the hummocky 

backdune area and parabolic trailing arms. The aerial application of herbicide via 

helicopter would be the most efficient means of eradication. The application of 

Hurricane™ (Haloxyfop-R) in a herbicide trial on the parabolic 6 foredune at Mason 

Bay resulted in almost complete die-back of the A. arenaria population after 

approximately 3 years of annual spraying (Hilton, M., pers. comm. 2014).  

 

Following the eradication of A. arenaria from the foredune, aeolian processes will 

increase considerably, causing the foredune to erode.  Evidence from Doughboy Bay 

suggested that parts of the foredune had eroded by 2 m, approximately 8 years after the 

eradication of the plant canopy (Konlechner and Hilton, 2010). During onshore winds, 

flow is accelerated up the steep stoss face of the foredune (Davidson-Arnott, 2010), 

leading to the mobilisation of sand. The absence of vegetation to stabilise the dune and 
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counterbalance the topographic speed-up effect (Arens and Geelen, 2006; Davidson-

Arnott, 2009), will result in continual erosion over time, and the shift of the current 

shoreline landward, towards the pre-A. arenaria position (Figure 6.4).  

 

It is anticipated that the erosion of sand will promote the germination of stored seed; 

however, conditions on the foredune are likely to be too hostile for seedling growth and 

survival. It is expected that seedlings will be severely damaged or uprooted under the 

accelerated wind flow, and the exposure to suspended sand. However, this is not 

certain; therefore, a valuable expansion on the results of the present study, would be to 

investigate the survival of seedlings that emerge, post A. arenaria eradication on the 

foredune. This would establish whether or not follow-up spraying would be required to 

eradicate seedlings that establish whilst the dune is naturally eroding. 

 

The regeneration of A. arenaria from stored seed is predicted to become more 

problematic as conditions become less extreme on the foredune, i.e. reduced wind 

speeds due to the decline in stoss face slope and reduced acceleration over the foredune. 

After a period of perhaps 10–15 years, the shoreline is likely to have shifted landward 

(Hilton, 2013), and conditions are likely to be more conducive to growth (lower 

exposure to wind and suspended sand). Managers will need to consider additional 

techniques to eradicate seedlings from the foredune, such as annual follow-up spraying 

or soil solarisation. The pros and cons of such techniques are outlined in Figure 6.3. 
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Figure 6.4: A schematic representation of the past foredune, with possible scenarios for 

future foredune development: (a) the pre-marram foredune landscape; (b) the current 

foredune landscape characterised by a steep stoss face, dense A. arenaria canopy and a 

persistent soil seed bank; (c) the decline in the A. arenaria canopy as a result of 

spraying; (d) the reduced slope of the stoss face as the foredune erodes; and (e) the 

return to a pre-marram landscape with some seed persisting in the soil seed bank. 
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Scenario two: ‘Large-scale destabilisation’ 

The ‘large-scale destabilisation’ process would again begin with the eradication of 

vegetation from the foredune and the adjacent backdune face and depositional lobes. 

Succeeding the eradication of the flowering A. arenaria population, the stabilised 

foredune would be remobilised by actively transporting sand, and subsequently, seed 

and rhizome, with earth-moving machinery. This technique has been used to remove A. 

arenaria at various sites in The Netherlands (Arens and Geelen, 2006; Arens et al., 

2013). The sand could be transported either seaward, or inland, both with different 

potential outcomes.  

 

One option would be to deposit excavated sand into the swash zone where it would then 

be dispersed by wave action. This strategy has the advantage of completely removing 

the stored seed from the dune system; however, the marine-dispersal characteristics of 

A. arenaria seed are not known, and only a limited amount of sand could be transported 

into the swash zone at one time (Figure 6.5). It would be advantageous to fully 

understand the buoyancy of A. arenaria seeds and the tolerance of seeds to salinity, 

before intentionally releasing them into the swash zone. This process would adversely 

release viable rhizome into the swash as well, creating the potential for alongshore 

marine dispersal of rhizome. Konlechner and Hilton (2009) suggested that rhizome can 

remain viable for up to 70 days in seawater; therefore, the beaches surrounding Mason 

Bay would need to be monitored for invasion.  

 

An alternative strategy would be to move the sand inland. If this approach is chosen a 

greater volume of sand could be transported (Figure 6.5); however, seed from the soil 

seed bank would remain within the dune system requiring follow-up operations. This 

strategy is likely to be used to promote disturbance, and therefore, seed germination, 

with a follow-up eradication strategy to eliminate the seedlings that emerge. This 

strategy is effectively speeding up the natural erosion process outlined in scenario one, 

and would allow for a greater volume of sand to be transported.  
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Figure 6.5: A conceptual representation of the volume of sand that could be 

transported landward compared to seaward during ‘large-scale destabilisation’. 

 

6.5 Chapter summary 

The future of the A. arenaria eradication programme at Mason Bay is likely to be 

prolonged by the foredune soil seed bank. It is timely to develop a strategy for targeting 

this feature, in view of the recent evidence from Doughboy Bay regarding regeneration 

from the soil seed bank (Konlechner and Hilton, 2010), and the horizontal and vertical 

extent of the Mason Bay seed bank.  

 

The current study has shown the foredune environment at Mason Bay provides a highly 

efficient system in terms of producing, dispersing and storing A. arenaria seed. This 

provides a mechanism for developing the highly persistent and extensive soil seed 

bank, and a medium for reinvading this environment after adult plants have been 

eradicated. The current management strategy is likely to be implicated by: (i) the 

processes of seed dispersal and establishment in the foredune; and most importantly, 

(ii) the soil seed bank. The future management of the foredune is going to be an integral 

step in eradicating A. arenaria from the Mason Bay dune system, hence, a series of 

management recommendations were developed central to this landform. 

 

(i) The extensive and homogenous A. arenaria population that exists on the 

Mason Bay foredune, and parabolic and nabkha dunes, is a significant 

source of seed for the soil seed bank, and a potential source of future inland 

invasion via LDD. These areas must be targeted if A. arenaria is to be 
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eradicated from this dune system. The dispersal of seed produced on the 

foredune is generally limited to this environment; however, LDD into the 

dune hinterland is possible. By controlling these flowering populations, 

contributions to the soil seed bank will be reduced, and the likelihood of 

long-distance dispersal movements will be minimised, thus, decreasing the 

potential for future invasion into the dune hinterland. 

 

The germination of A. arenaria seeds and subsequent growth of seedlings is 

limited within the foredune plant canopy, subsequently promoting the 

development of the foredune soil seed bank. Seeds primarily germinate in 

open sites which are common in the Mason Bay hinterland, and are 

projected to exist on the foredune, mid-way through the restoration process 

when the vegetation has been removed. The hinterland is currently being 

managed to avoid the establishment of new, flowering plants, and a long-

term strategy has been proposed to manage regeneration from the foredune, 

parabolic, and nabkha dune seed banks.  

 

(ii) The persistence .and vertical extent of the A. arenaria foredune seed bank is 

likely to impede future eradication efforts at Mason Bay. Management 

strategies will need to include a below-ground focus if A. arenaria is to be 

eradicated form this dune system. Any proactive solutions, such as 

bulldozing to remove seed, will be large scale, and any reactive responses, 

such as controlling regeneration as erosion events expose viable seed, will 

need to be maintained for many years. The management of such a large and 

vertically extensive seed back has not yet been documented, providing a 

unique opportunity for the development of an innovative solution to reduce 

the persistent soil seed bank at Mason Bay. 

 

In view of these potential implications, a three-stage management strategy was 

proposed for the Mason Bay dune system. Given the unique and complex situation at 

Mason Bay, two scenarios were developed to effectively target the large and persistent 

foredune soil seed bank. Scenario one involved the ‘natural mobilisation’ of the 

foredune, by eradicating the A. arenaria population and allowing the foredune to 
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naturally erode, whilst reactively eliminating seedlings that emerge from the soil seed 

bank. Scenario two is a more proactive strategy, ‘large-scale destabilisation’, which 

entails the removal of the A. arenaria canopy, and the subsequent remobilisation of the 

dune with earth moving equipment. Depending on the direction that sand is transported, 

seed would either be removed from the dune system (into the swash zone), or spread 

inland to more effectively target spraying. The management of the foredune soil seed 

bank will be fundamental in achieving control over, and eventually, full eradication of 

A. arenaria in the Mason Bay dune system.  
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Chapter Seven 

Conclusion 

 

 

7.1 Introduction 

The deliberate introduction of A. arenaria has altered the biological and geomorphic 

diversity of temperate dune systems throughout the world (Buell et al., 1995; 

Kirkpatrick and Harris, 1995; Hertling and Lubke, 1999; Hilton et al., 2006). The 

superior sand-trapping ability of this species allows it to out-compete indigenous 

species, and stabilise transgressive dune systems. A. arenaria represents a significant 

threat to the natural values of dune systems, particularly in New Zealand; where it is 

being managed at a few sites to limit spread or achieve eradication (Moore and Davis, 

2004; Hilton and Konlechner, 2010; Bergin, 2011). 

 

Despite increasing attention in New Zealand in recent years (Pope, 2005; Lim, 2011; 

Konlechner and Hilton, 2010), the current knowledge of A. arenaria seed ecology is 

fragmentary. Lim (2011) suggested that seed plays a more important role in the A. 

arenaria invasion process than previously recognised; however, there is a lack of 

empirical evidence investigating the regeneration of A. arenaria from seed. This is 

particularly evident in the foredune environment where a significant proportion of seed 

is produced. The current study pursued four lines of inquiry relating to the seed ecology 

of A. arenaria. These results will be critical in informing future management decisions 

within the New Zealand context. 

 

The present study systematically evaluated the sexual reproduction of A. arenaria, with 

a primary focus on the foredune environment where it is known to flower extensively. 

Four key objectives were identified and examined through a series of experimental 

investigations: (i) to examine the relationship between seed production and the dune 

landscape, in particular, A. arenaria flowering height and flowering density across 
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different zones of the foredune; (ii) to investigate the primary and secondary dispersal 

characteristics of A. arenaria seed, and the influence of the vegetation canopy in the 

foredune environment; (iii) to establish the importance of the vegetation canopy on A. 

arenaria seed germination and seedling survivorship in the foredune; and (iv) to 

provide a quantitative assessment of the relative density of the A. arenaria seed bank in 

relation to spatial seed distribution and burial depths within the foredune and deflation 

zone . The implications of these findings for management were discussed. The relevant 

findings of these investigations are summarised in the following section, along with a 

summary of the thesis, and some avenues for future research. 

 

7.2 Main findings and implications 

 

7.2.1 The production of Ammophila arenaria seed (Chapter Two) 

This study aimed to quantify the size and variability of A. arenaria seed production on 

the densely vegetated, Mason Bay foredune (Type-1, after Hesp, 2002). The 

relationship between foredune landform diversity and the distribution of seed 

production was examined by measuring: (i) the vegetation density across the foredune; 

(ii) the number of inflorescences across different foredune landforms; and (iii) the 

flowering height in relation to foredune landform diversity. The number of 

inflorescences was counted as a direct indicator of seed production; vegetation density 

was measured to examine the relationship between flowering density and vegetation 

density; and flowering height was measured to assess the potential implications of 

flowering stem height for seed dispersal in the foredune. Four transects were surveyed 

across the Mason Bay foredune using a stratified random sampling procedure, and the 

correlation between foredune landforms and the seed production indicators were 

statistically examined. 

 

The three seed production indicators examined in this chapter showed varying patterns 

across the foredune. The total number of inflorescences was significantly higher on the 

stoss face, with quantities decreasing inland. The provision of nutrients through salt 

spray, sea foam, and organic material supplied through inundation, would probably 
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allow for a greater proportion of the overall plant resources to be devoted to seed 

production on the stoss face. The processes relating to vegetation density, however, 

appeared to be unrelated to those associated with flowering density. The density of the 

A. arenaria canopy varied significantly across the five foredune landforms, with the 

highest mean values occurring on the rear-plateau and the stoss face. This was probably 

due to the higher sedimentation rates on the rear-plateau and the advent of disturbance 

(accretion/erosion) on the stoss face. Dense stands of Ammophila species are expected 

where accretion rates are greatest (Maun, 2009). The average flowering stem length did 

not vary significantly across the five foredune landscapes. This indicated that stem 

height may not have implications for seed dispersal on the Mason Bay foredune. Micro-

environmental conditions do not appear to affect the flowering stem length, and stem 

height is likely to be more closely associated with the plants vegetative growth, as 

opposed to external factors directly. The results of this study indicated that flowering 

density is greater on the stoss face, compared with inland areas of the Mason Bay 

foredune.  

 

7.2.2 The dispersal of Ammophila arenaria seed (Chapter Three) 

The characteristics of A. arenaria seed dispersal in the foredune environment were 

examined in Chapter Three. Primary dispersal was investigated at Mason Bay, focusing 

on: (i) the accumulation of seeds on the ground surface of the foredune; and (ii) the 

dispersal characteristics of seeds surrounding a foredune blowout. Secondary seed 

dispersal was examined independently at Oreti Beach, pursuing the third line of 

inquiry: (iii) the secondary movement of seeds along the ground surface and the 

influence of the surrounding vegetation in the foredune environment. The ground 

surface survey consisted of a stratified random sampling procedure, using transects to 

determine the distribution of dispersed seed on the Mason Bay foredune. The second 

element used an indirect approach to measuring seed dispersal, by trapping caryopses in 

an array of pot traps around a foredune blowout at Mason Bay, over an 8 week period. 

The final investigation of secondary seed dispersal involved the release and tracking of 

coloured seeds within the foredune plant canopy at Oreti Beach. Short-term and longer-

term secondary dispersal are examined at Oreti Beach over a 15 day period.  
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The patterns of dispersed seed on the ground surface correlated closely with the 

patterns of foredune seed production. Seed production was greatest on the stoss face, 

with seed production decreasing inland, whilst dispersed seed quantities peaked on the 

plateau, and again decreased moving inland. The peak in dispersed seed density on the 

plateau indicates a combination of both seed drop from the surrounding plants, and 

short-distance primary dispersal from the stoss face and stoss peak during high intensity 

wind events. Relatively fewer seeds were found on the surface of the mid- to rear-

plateau, as seed production is low in this area, and longer-distance dispersal from the 

stoss face is unlikely. 

 

The foredune seed rain study showed similar results to the analysis of the distribution 

of stored seed. The seed rain was greatest on the stoss peak and plateau, with relatively 

fewer caryopses trapped on the stoss face and mid- to rear-plateau. This indicates that 

seed dispersal is predominantly short-distance (20–30 m under moderate to high wind 

speeds) on the Mason Bay foredune. The dispersal distance was greater surrounding the 

foredune blowout, probably due to the acceleration of wind through this feature and the 

initiation of secondary transport of seeds on the ground surface. Primary dispersal on 

the undisturbed section of the foredune yielded lower dispersal distances, likely owing 

to the drag effect of the vegetation canopy and the reduced wind speeds, relative to the 

foredune blowout. 

 

The distance of secondary seed dispersal at Oreti Beach was limited, largely due to the 

dense plant canopy, the slope of the ground, sand deposition, and wind speed and 

direction. Secondary transport was restricted in areas that were densely vegetated – the 

foredune plateau, and was limited to a few centimetres in areas with a moderate 

vegetation density – the stoss face and stoss peak. Seeds dispersed further on the stoss 

face where the steeper slope allowed for downward movements under the force of 

gravity. The exposure of Oreti Beach to frequent onshore gusts (greater than 8 ms
-1

) 

also caused seeds to be buried rapidly, thus, limiting the potential for secondary 

transport.  
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7.2.3 The seed germination and seedling survival characteristics of 

Ammophila arenaria (Chapter Four) 

Chapter Four investigated the importance of light in promoting the germination of A. 

arenaria seed, and the subsequent growth of seedlings in natural foredune conditions. 

This entailed: (i) identifying the effect of the foredune plant canopy on seed 

germination; and (ii) examining the influence of the foredune plant canopy on seedling 

survivorship. This was achieved by introducing seed and seedlings into the foredune 

environment on two west-oriented beaches in southern New Zealand, Oreti Beach and 

Mason Bay, under vegetated and cleared conditions. The germination experiments 

involved monitoring the quantity of germinated seeds over time, whilst the seedling 

emergence and growth rates were examined in the seedling survivorship experiments.  

 

The prevention of light penetration by the foredune canopy was found to limit, and in 

many cases inhibit the germination of A. arenaria seed at Oreti Beach and Mason Bay. 

This was consistent with the findings of Lim (2011), which suggested that light plays a 

significant role in inducing A. arenaria seed germination. The germination rates at 

Oreti Beach and Mason Bay showed a large disparity between the vegetated and 

cleared conditions, 0.2% compared with 12.3%, and 2.1% relative to 15.4% 

respectively. The dynamic nature of coastal dunes and thus, the often rapid changes in 

seed burial depths, suggest it is advantageous for coastal seeds to respond to light as a 

trigger for germination. 

 

In the unlikely event of seed germination in the foredune canopy, the chance of 

seedling survival is extremely low. The results from Oreti Beach indicated a 6% chance 

of survival within a vegetated stand, and a 15% probability of survival under disturbed 

conditions on the foredune. The duration of survival did not vary significantly between 

the two environments; however, the mean seedling heights did vary significantly. Mean 

heights were higher under vegetated conditions on the stoss face and stoss peak, and a 

reversal of this trend occurred on the plateau. These results suggest there may be a 

nurse-plant effect under exposed conditions, whilst a competitive interaction may be 

occurring between seedlings and adult plants in less exposed environments. Seedling 
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heights were also greater at a burial depth of 4 cm, indicating that soil moisture 

characteristics are probably optimal at this burial depth.  

 

7.2.4 The Ammophila arenaria soil seed bank (Chapter Five) 

The soil seed bank in the Mason Bay foredune and deflation zone was examined, 

focusing on: (i) investigating the relative density of the seed bank across varying 

landforms and depths; and (ii) determining the depths to which A. arenaria seed 

remains viable. The soil seed bank was sampled using a soil corer, and seed was 

extracted and tested for viability. The horizontal and vertical distribution of seed was 

statistically examined, to identify the trends associated with seed storage and landform 

diversity.  

 

The soil seed bank varied significantly in space, probably reflecting the variations in 

seed dispersal and seed production. Seed quantities increased from the stoss face to the 

plateau, and then decreased towards the rear-plateau. This correlated closely with 

patterns of seed production identified in Chapter Two; seed production is greatest on 

the stoss face and is likely to be dispersed a short distance to the stoss peak and plateau 

before it is buried. Very little seed was found in the sparsely vegetated and exposed 

deflation zone and nabkha dune. This is probably due to the limited seed production in 

this area, the lack of appropriate accumulation sites, and the short residence time for 

seed landing in this area.  

 

The distribution of stored seed with depth was also highly variable; viable seed was 

found to the maximum depth of sampling (340 cm) at all foredune sites, except for the 

stoss face. Most seed was concentrated between 60 cm and 220 cm, with relatively little 

seed in the top 40 cm of each core. This is surprising given that seeds within the top 40 

cm would have had a shorter exposure to stresses such as predation, micro-organisms 

and decay; however, it may be a result of the continual erosion and sand movement at 

the surface, and the stability that occurs with depth in the foredune.  
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7.2.5 Implications of the present study for the future management and 

control of Ammophila arenaria (Chapter Six) 

The foredune at Mason Bay provides a highly efficient system in terms of producing, 

dispersing and storing A. arenaria seed, and is likely to hinder the eradication of A. 

arenaria from the Mason Bay dune system. The implications of the findings of this 

thesis were discussed in this chapter, in relation to future management at Mason Bay. A 

three-stage management plan was proposed, with a primary focus on the foredune 

environment where the seed bank is extensive. Two scenarios were suggested to 

effectively target the large and persistent foredune soil seed bank. 

 

The characteristics of seed production, seed dispersal, and seed germination on the 

Mason Bay foredune provide an efficient means for the development of the soil seed 

bank. The extensive A. arenaria population on the foredune is a significant source of 

seed for the seed bank, and a potential source of future inland invasion via LDD. Most, 

if not all seed remains within the foredune due to the dense plant canopy that restricts 

dispersal; however, LDD into the dune hinterland cannot be ruled out. It is important to 

control these populations to reduce contributions to the soil seed bank and minimise the 

likelihood of long-distance dispersal movements.  

 

The germination of A. arenaria seed does not occur within the current foredune due to 

the dense plant canopy that is restricting the penetration of light. This is encouraging 

the development of the soil seed bank as seeds that are dispersed in this environment 

are unlikely to germinate before they are deeply buried. However, this is expected to 

change mid-way through the restoration process when the vegetation cover has been 

removed from the foredune, and seeds germinate under an increased exposure to light. 

The survival of seedlings will depend on the steepness of the stoss face and the 

subsequent acceleration of wind and suspended sand over the foredune. Managers will 

need to monitor the survival of seedlings under the changing conditions at Mason Bay, 

to determine the necessity of follow-up spraying. Regeneration from seed will also be 

important in the dune hinterland where open sites are common, creating an imperative 

to continue the current spray operations in this environment.  
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The magnitude of the foredune and the persistence of the A. arenaria seed bank are 

likely to determine the duration of control and the resources that will be required for 

eradication at Mason Bay. If left unmanaged, the soil seed bank will continue to be 

exposed by small-scale and larger-scale erosion events and pose a serious regeneration 

threat on the foredune. Any proactive solutions to target the foredune seed bank, such 

as bulldozing to remove seed, will be large scale, and any reactive responses, such as 

controlling regeneration as erosion events expose viable seed, will need to be 

maintained for many years. The management of such a large and vertically extensive 

seed back has not yet been documented, providing a unique opportunity for the 

development of an innovative solution to reduce the persistent soil seed bank at Mason 

Bay. 

 

A three-stage management strategy is proposed for the Mason Bay dune system. Two 

scenarios were developed within this strategy, in an attempt to find an effective solution 

for targeting the large and persistent foredune soil seed bank. Scenario one involved the 

‘natural mobilisation’ of the foredune, by eradicating the A. arenaria population and 

allowing the dune to naturally erode, whilst reactively eliminating seedlings that 

emerge from the soil seed bank. Scenario two has a more proactive approach, ‘large-

scale destabilisation’, which entails the removal of the A. arenaria canopy, and the 

subsequent excavation and remobilisation of the foredune with earth moving 

equipment. Depending on the direction that sand is transported in this situation, seed 

would either be removed from the dune system (into the swash zone), or spread inland 

to more effectively target spraying. The most likely scenario would be to deposit sand 

inland, due to the greater volume of sand that can be transported using this strategy. 

The management of the foredune soil seed bank will be fundamental in achieving 

control over, and eventually, full eradication of A. arenaria in the Mason Bay dune 

system. 

 

7.3 Concluding comments 

The field measurements and experiments presented in this study contribute to the 

growing body of evidence that supports seed as an important mechanism of A. arenaria 

regeneration. A. arenaria seed poses a significant regeneration threat in Type-1 
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foredunes where A. arenaria is the dominant vegetation cover. The systematic analysis 

of the processes relating to seed dispersal and establishment of A. arenaria in the 

Mason Bay foredune has provided valuable insights into the seed ecology of A. 

arenaria.  

 

From a management perspective at Mason Bay, large-scale remobilisation of the stable 

foredune, be it ‘natural mobilisation’ or ‘large-scale destabilisation’, will be a crucial 

element in the future management strategy. Although the concept of remobilisation is 

not new amongst dune managers (Arens et al., 2004; Arens and Geelen, 2006), it goes 

against a very long tradition of dune stabilisation in New Zealand (Gadgil and Ede, 

1998; Hilton, 2006). This is likely to bring about major challenges for managers at 

Mason Bay; however, it is an inevitable stage in future management. 

 

7.4 Future research 

A number of avenues for future research have been presented throughout this study, 

often in association with the limitations of the various methods used. The present study 

points to some important ecological processes that are not fully understood; particularly 

surrounding the long-distance seed dispersal of A. arenaria. There has been no attempt 

made to understand the characteristics of LDD, probably due to this process being 

notoriously difficult to quantify in the case of small seeds over a large dispersal area. 

An investigation of this process would advance our understanding of the distribution 

patterns of A. arenaria within dune systems. This could be explored through the use of 

wind tunnel experiments and applying models to determine dispersal potential. The 

relationship between the release height of seeds, the height of the surrounding 

vegetation canopy, onshore wind speed, and dispersal distance, would be a useful 

avenue to explore in relation to the invasive potential of this species.  

 

Specific future studies have been identified that will be important in terms of the Mason 

Bay dune system and the eradication of A. arenaria from this site. The management 

strategy proposed in the current study may have potentially adverse effects, as it is 

entails an innovative approach that has not been trialled before. Subsequent work on 
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this topic should, therefore, investigate potential adverse effects, such as the salinity 

tolerance of A. arenaria seeds deposited in seawater, and the survival characteristics of 

seedlings that emerge post-spraying. This will be critical in ensuring the A. arenaria 

seed bank is effectively managed with minimal adverse effects.  
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Appendix I 

 

 

Detailed results of the one-way ANOVA tests given by section, with the degrees of 

freedom (DF), F-stat, P-value and Homogeneity of variances P-value (HoV) for each 

test. 

 

 Reference Parameter Factor DF F-Stat P-value HoV 

Chapter Two 

Section 2.4.1 Inflorescence density  Foredune landform 4 31.822 0.000 0.000 

Section 2.4.2 Vegetation density Foredune landform 4 3.041 0.021 0.203 

Section 2.4.3 Average stem length Foredune landform 4 0.605 0.661 0.238 

Chapter Three 

Section 3.6.1 Number of seeds Foredune landform 4 14.742 0.000 0.000 

Chapter Five 

Section 5.4.3 Seed viability Extraction depth 8 0.584 0.788 0.033 
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Appendix II 

 

 

Detailed results of the multiple comparisons (LSD and Bonferroni) tests given by 

section, with the P-value and 95% confidence interval for each test. 

 

 Reference Test Zone (I) Zone (II) P-value 95% Confidence 

interval 

Lower 

bound 

Upper 

bound 

Chapter Two 

Section 2.4.1 LSD 1 2 .000 1.4938 2.6878 

   3 .000 2.0098 3.2038 

   4 .000 1.9494 3.1434 

   5 .000 2.4508 3.6449 

  2 1 .000 -2.6878 -1.4938 

   3 .089 -.0811 1.1130 

   4 .133 -.1415 1.0526 

   5 .002 .3600 1.5540 

  3 1 .000 -3.2038 -2.0098 

   2 .089 -1.1130 .0811 

   4 .841 -.6574 .5366 

   5 .146 -.1560 1.0381 

  4 1 .000 -3.1434 -1.9494 

   2 .133 -1.0526 .1415 

   3 .841 -.5366 .6574 

   5 .099 -.0956 1.0985 

  5 1 .000 -3.6449 -2.4508 

   2 .002 -1.5540 -.3600 

   3 .146 -1.0381 .1560 

   4 .099 -1.0985 .0956 

 Bonferroni 1 2 .000 1.2265 2.9551 

   3 .000 1.7425 3.4711 

   4 .000 1.6821 3.4107 

   5 .000 2.1835 3.9122 

  2 1 .000 -2.9551 -1.2265 

   3 .895 -.3484 1.3803 

   4 1.000 -.4088 1.3199 

   5 .020 .0927 1.8213 

  3 1 .000 -3.4711 -1.7425 
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   2 .895 -1.3803 .3484 

   4 1.000 -.9247 .8039 

   5 1.000 -.4233 1.3054 

  4 1 .000 -3.4107 -1.6821 

   2 1.000 -1.3199 .4088 

   3 1.000 -.8039 .9247 

   5 .987 -.3629 1.3658 

  5 1 .000 -3.9122 -2.1835 

   2 .020 -1.8213 -.0927 

   3 1.000 -1.3054 .4233 

   4 .987 -1.3658 .3629 

Section 2.4.2 LSD 1 2 .017 1.94 18.81 

   3 .220 -3.19 13.69 

   4 .130 -1.94 14.94 

   5 .519 -11.19 5.69 

  2 1 .017 -18.81 -1.94 

   3 .231 -13.56 3.31 

   4 .364 -12.31 4.56 

   5 .003 -21.56 -4.69 

  3 1 .220 -13.69 3.19 

   2 .231 -3.31 13.56 

   4 .769 -7.19 9.69 

   5 .063 -16.44 .44 

  4 1 .130 -14.94 1.94 

   2 .364 -4.56 12.31 

   3 .769 -9.69 7.19 

   5 .032 -17.69 -.81 

  5 1 .519 -5.69 11.19 

   2 .003 4.69 21.56 

   3 .063 -.44 16.44 

   4 .032 .81 17.69 

 Bonferroni 1 2 .165 -1.84 22.59 

   3 1.000 -6.97 17.47 

   4 1.000 -5.72 18.72 

   5 1.000 -14.97 9.47 

  2 1 .165 -22.59 1.84 

   3 1.000 -17.34 7.09 

   4 1.000 -16.09 8.34 

   5 .026 -25.34 -.91 

  3 1 1.000 -17.47 6.97 

   2 1.000 -7.09 17.34 

   4 1.000 -10.97 13.47 

   5 .629 -20.22 4.22 
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  4 1 1.000 -18.72 5.72 

   2 1.000 -8.34 16.09 

   3 1.000 -13.47 10.97 

   5 .321 -21.47 2.97 

  5 1 1.000 -9.47 14.97 

   2 .026 .91 25.34 

   3 .629 -4.22 20.22 

   4 .321 -2.97 21.47 

Chapter Three 

Section 3.6.1 Bonferroni Stoss face Stoss peak 1.000 -.4005 .2506 

   Plateau 1.000 -.4563 .1949 

   Mid-plateau 1.000 -.1894 .4618 

   Rear-plateau .000 .3110 .9621 

  Stoss peak Stoss face 1.000 -.2506 .4005 

   Plateau 1.000 -.3814 .2698 

   Mid-plateau .661 -.1144 .5367 

   Rear-plateau .000 .3859 1.0371 

  Plateau Stoss face 1.000 -.1949 .4563 

   Stoss peak 1.000 -.2698 .3814 

   Mid-plateau .207 -.0586 .5925 

   Rear-plateau .000 .4417 1.0928 

  Mid-plateau Stoss face 1.000 -.4618 .1894 

   Stoss peak .661 -.5367 .1144 

   Plateau .207 -.5925 .0586 

   Rear-plateau .000 .1747 .8259 

  Rear-plateau Stoss face .000 -.9621 -.3110 

   Stoss peak .000 -1.0371 -.3859 

   Plateau .000 -1.0928 -.4417 

   Mid-plateau .000 -.8259 -.1747 

Section 5.4.3 LSD 10.00 30.00 .601 -50.1232 29.2721 

   50.00 .835 -35.5310 43.8643 

   70.00 .575 -50.9010 28.4943 

   90.00 .200 -67.0117 14.3442 

   150.00 .251 -64.2692 17.0867 

   210.00 .771 -46.6155 34.7405 

   270.00 .909 -43.0117 38.3442 

   330.00 .694 -52.0983 34.8749 

  30.00 10.00 .601 -29.2721 50.1232 

   50.00 .414 -20.9144 50.0989 

   70.00 .965 -36.2844 34.7289 

   90.00 .388 -52.5076 20.6912 

   150.00 .475 -49.7651 23.4337 

   210.00 .807 -32.1114 41.0875 
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   270.00 .660 -28.5076 44.6912 

   330.00 .928 -37.8838 41.5115 

  50.00 10.00 .835 -43.8643 35.5310 

   30.00 .414 -50.0989 20.9144 

   70.00 .390 -50.8767 20.1367 

   90.00 .101 -67.0998 6.0990 

   150.00 .135 -64.3573 8.8415 

   210.00 .583 -46.7036 26.4953 

   270.00 .724 -43.0998 30.0990 

   330.00 .522 -52.4760 26.9193 

  70.00 10.00 .575 -28.4943 50.9010 

   30.00 .965 -34.7289 36.2844 

   50.00 .390 -20.1367 50.8767 

   90.00 .412 -51.7298 21.4690 

   150.00 .501 -48.9873 24.2115 

   210.00 .775 -31.3336 41.8653 

   270.00 .630 -27.7298 45.4690 

   330.00 .897 -37.1060 42.2893 

  90.00 10.00 .200 -14.3442 67.0117 

   30.00 .388 -20.6912 52.5076 

   50.00 .101 -6.0990 67.0998 

   70.00 .412 -21.4690 51.7298 

   150.00 .885 -34.9180 40.4030 

   210.00 .283 -17.2642 58.0567 

   270.00 .207 -13.6605 61.6605 

   330.00 .387 -22.9559 58.4001 

  150.00 10.00 .251 -17.0867 64.2692 

   30.00 .475 -23.4337 49.7651 

   50.00 .135 -8.8415 64.3573 

   70.00 .501 -24.2115 48.9873 

   90.00 .885 -40.4030 34.9180 

   210.00 .352 -20.0067 55.3142 

   270.00 .264 -16.4030 58.9180 

   330.00 .464 -25.6984 55.6576 

  210.00 10.00 .771 -34.7405 46.6155 

   30.00 .807 -41.0875 32.1114 

   50.00 .583 -26.4953 46.7036 

   70.00 .775 -41.8653 31.3336 

   90.00 .283 -58.0567 17.2642 

   150.00 .352 -55.3142 20.0067 

   270.00 .849 -34.0567 41.2642 

   330.00 .896 -43.3522 38.0038 

  270.00 10.00 .909 -38.3442 43.0117 
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   30.00 .660 -44.6912 28.5076 

   50.00 .724 -30.0990 43.0998 

   70.00 .630 -45.4690 27.7298 

   90.00 .207 -61.6605 13.6605 

   150.00 .264 -58.9180 16.4030 

   210.00 .849 -41.2642 34.0567 

   330.00 .759 -46.9559 34.4001 

  330.00 10.00 .694 -34.8749 52.0983 

   30.00 .928 -41.5115 37.8838 

   50.00 .522 -26.9193 52.4760 

   70.00 .897 -42.2893 37.1060 

   90.00 .387 -58.4001 22.9559 

   150.00 .464 -55.6576 25.6984 

   210.00 .896 -38.0038 43.3522 

   270.00 .759 -34.4001 46.9559 
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Appendix III 

 

 

Detailed results of the non-parametric Kruskal-Wallis test undertaken in the secondary 

seed dispersal analysis. 

 

Chapter Three – Section 3.6.3 

Test Statistics 

Method Chi-square DF P-value  

Kruskal-Wallis 26.348 2 0.000  

Pairwise Comparisons 

Interaction  Test statistic P-value   

Stoss face-Stoss peak 15.149 0.088   

Stoss face-Plateau 43.983 0.000   

Stoss peak-Plateau 28.834 0.001   
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Appendix IV 

 

 

Detailed results of the logistic regression with binomial errors analysis undertaken in 

the seed germination analysis. 

 

Chapter Four – Section 4.5.1 

Goodness of Fit 

Method Chi-square DF P-value  

Pearson Chi-square 24.574 18 1.365  

Deviance 24.940 18 1.386  

Omnibus Test 

Chi-square  DF P-value   

73.797 5 0.000   

Tests of Model Effects (Germination rates) 

Source Wald Chi-Square DF P-value  

Environment 1164.148 2 0.000  

Vegetation 269.029 1 0.000  

Environment*vegetation 626.215 1 0.000  

Estimated marginal means (Environment-vegetation) 

 Environment Vegetation Mean Std. Error 95% Confidence 

interval 

Lower  Upper  

Stoss face Canopy .06 .028 .02 .14 

 Cleared .28 .056 .18 .40 

Stoss peak Canopy .01 .013 .00 .08 

 Cleared .15 .044 .08 .26 

Plateau Canopy .00 .000 .00 .00 

 Cleared .36 .057 .25 .48 
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Appendix V 

 

 

Detailed results of the univariate ANOVA given by section, with the degrees of 

freedom (DF), F-stat and P-value. 

 

 Reference Parameter Factor DF F-Stat P-value 

Chapter Four 

Section 4.5.2 Time until death Environment 2 1.724 .183 

  Depth 1 2.963 .088 

  Vegetation 1 .001 .972 

  Envi*depth 2 2.895 .060 

  Envi*vegetation 2 .881 .417 

  Depth*vegetation 1 2.313 .131 

  Envi*depth*vegetation 2 1.666 .194 

 Levene’s Equal Variances Test 0.039 

Section 4.5.2 Height at death Environment 2 2.214 .114 

  Depth 1 2.240 .137 

  Vegetation 1 2.166 .144 

  Envi*depth 2 4.706 .011 

  Envi*vegetation 2 .363 .696 

  Depth*vegetation 1 .002 .969 

  Envi*depth*vegetation 2 3.870 .024 

 Levene’s Equal Variances Test  0.425 
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Appendix VI 

 

 

Detailed results of the Kaplan-Meier survival analysis used in the ‘survival duration’ 

seedling survival analysis.   

 

Chapter Four – Section 4.5.2 

Overall Comparisons 

Method Chi-square DF P-value  

Log Rank (Mantel-Cox) 0.073 1 0.787  

Breslow (Generalised Wilcoxin) 0.327 1 0.568  

Tarone-Ware 0.057 1 0.812  

Means and Medians for Survival Duration 

 Mean Median 

Vegetation Estimate 

Std. 

Error 

95% Confidence 

interval 

Estimate 

Std. 

Error 

95% Confidence 

interval 

Lower  Upper  Lower  Upper  

Canopy 16.075 1.239 13.647 18.503 18.000 2.084 13.915 22.085 

Cleared 15.731 1.092 13.590 17.871 18.000 2.439 13.220 22.780 

Overall 15.847 .832 14.216 17.478 18.000 1.060 15.923 20.077 
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Appendix VII 

 

 

Detailed results of the estimated marginal means and parameter estimates tests used in 

the distribution of stored seed analysis.   

 

Chapter Five – Section 5.4.1 

Omnibus Test 

Chi-square DF P-value  

246.560 4 0.000  

Tests of Model Effects (Stored seed count) 

Source Wald Chi-square DF P-value  

Distance 216.163 4 0.000  

Parameter Estimates 

Parameter B 

Std. 

Error 

95% Confidence 

interval 
Hypothesis Test 

Lower  Upper  

Wald Chi-

square 

DF P-value  

[Distance=115.00] .419 .2046 .018 .820 4.203 1 .040 

[Distance=90.00] .550 .1961 .165 .934 7.848 1 .005 

[Distance=60.00] 1.634 .1297 1.380 1.889 158.718 1 .000 

[Distance=40.00] 1.021 .1384 .749 1.292 54.355 1 .000 

[Distance=20.00] 0
a
 . . . . . . 

 


