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Abstract 

 

 

Seagrass is the only marine angiosperm (flowering plant) and decline of seagrass 

meadows has been reported worldwide. The important ecological and economic 

values of this marine habitat make it essential to preserve. Seagrass meadows of New 

Zealand are composed of only one species, Zostera muelleri. They are mainly present 

in sheltered, intertidal sand flats in harbours. Seagrass decline has been recorded in 

many New Zealand estuaries during the last century. Grazing by the black swan 

(Cygnus atratus) and anthropogenic contaminants resulting from catchment 

development are postulated to contribute to seagrass meadow loss in New Zealand 

and these factors have been assessed in this study. The aim of this study was to 

quantify black swan grazing pressure and examine effects of potential anthropogenic 

contaminants (specifically nutrient enrichment, sedimentation and herbicide residues) 

on seagrass meadows in New Zealand. The impact of current levels of these 

anthropogenic contaminants on seagrass resilience to swan grazing was also assessed 

in situ.  

To quantify black swan grazing pressure on seagrass meadows and to evaluate the 

potential relationship between swan grazing pressure and seagrass standing stock, 

observations and measurements were conducted in Tauranga Harbour where more 

than a third of the seagrass meadows disappeared between 1959 to 1996. Observations 

have shown that black swans graze intensively on Zostera muelleri meadows during 

high tide and were most numerous in the harbour during autumn. Black swan grazing 

resulted in the formation of circular devegetated patches (0.28 m
2
), where 92 % of 
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shoots, 25 % of roots and 99 % of rhizomes are removed. The consumption rate was 

estimated to be 394 g dry weight (DW) swan
-1

 day
-1

. Significant seagrass loss on an 

annual basis was detected at the most swan populated site, which also had the highest 

swan grazing pressure (19-20 % of biomass consumed annually). This suggests a 

potential threshold of 19-20 % of annual seagrass biomass removal above which black 

swan grazing may contribute to substantial damage on seagrass meadows. Applied at 

the harbour scale, where there is a total of ~29 km
2
 of seagrass meadows, this 

corresponds to a swan population (i.e. grazing pressure) > 4630 birds. 

To identify the potential environmental stressors affecting seagrass condition, two 

contrasting harbours (Tauranga and Aotea) were surveyed where a range of 

environmental parameters, including parameters indicative of anthropogenic 

contamination, and seagrass condition metrics were measured. The survey showed 

that many of the seagrass condition metrics were positively correlated with sediment 

porewater ammonium (NH4-N) concentrations suggesting that nitrogen availability 

regulates seagrass growth. The presence of higher porewater nitrate (NO3-N) 

concentrations was linked to higher proportions of urban and crop land use in 

subcatchments, these latter parameters being negatively correlated with light 

availability during high tide. In spite of this, current levels of nutrient enrichment 

were apparently not detrimental to seagrass condition with evidence of N-limited 

plant growth and abundant light availability. Herbicide compounds were detected in 

seagrass sediment and at consistently higher concentrations in Tauranga harbour, 

which is the harbour more exposed to developed land use. The seagrass 

photosynthetic potential was lower in more herbicide contaminated sediments, 

although there was no evidence of any impact on seagrass biomass or morphometry.  
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In a final experiment, black swan grazing was simulated in situ at four sites in 

Tauranga Harbour differing in exposure to potential anthropogenic contaminants and 

environmental characteristics.  Grazing was simulated by removing seagrass biomass 

from patches (0.25 m
2
) in the meadow equivalent to natural swan removals (see 

above). Two levels of grazing intensity were applied to these patches; ~100 % of 

biomass removed (high) and ~ 40% of biomass removed (low). Results showed that 

the cover and the biomass of the low grazing intensity patches were not significantly 

different to controls (0 % of biomass removed) during the entire experiment. For the 

high grazing intensity patches, although the cover was restored after 9 months, 

biomass recovery was incomplete with only 30 % of total biomass regenerated, after 

one year. This suggests that swan grazing at high intensity can cause long-lasting 

damage to seagrass meadows, and that > 3 years is probably needed for a devegetated 

patch to fully recover from grazing (assuming a constant plant regeneration rate). The 

resilience response was similar across all sites examined in this harbour, suggesting 

that the current magnitude and range of environmental variability and potential 

contaminant levels within the seagrass meadows do not affect the ability of seagrass 

to regenerate from grazing. 

In conclusion, from these results, I can not conclude that anthropogenic 

contaminant or black swan grazing pressure are by themselves responsible for 

seagrass decline in Tauranga Harbour. However, the study suggests that herbicide 

residues have the potential to detrimentally affect the seagrass photosynthetic activity 

as do high grazing pressure by the black swan on the seagrass meadow condition. 

Overall, this study contributes to the understanding of impacts of black swan grazing 

pressure combined with potential contaminant effects on seagrass ecosystems. It 

emphasizes the importance of herbivory in temperate seagrass systems, which it is 
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often underestimated and highlights the seagrass habitat contamination due to coastal 

development. It provides crucial information that will assist resource management 

agencies to preserve this valuable natural ecosystem.                      
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1. General introduction 

 

 

1.1. Seagrass origin, species and occurrence 

The origin of angiosperms (flowering plants) is accepted to be about 400 million 

years ago (Raven 1977), and it is just about 100 million years ago that angiosperms 

colonised the marine environment (Den Hartog 1970). These marine angiosperms are 

commonly called seagrasses and belong to the Magnoliophyta division, order 

Alismatale. Five families of seagrass are present worldwide, which are Posidoniaceae, 

Zosteraceae, Hydrocharitaceae, Cymodoceaceae and Ruppiaceae. Seagrasses are 

present in coastal marine waters in all continents except Antarctica (Short et al 2007). 

Seagrass biodiversity is not equally spread around the world and varies with latitude, 

with the highest diversity around the equator. 

1.2. Ecological and economical importance of seagrass meadows 

Seagrass meadows play a key role in coastal ecosystems and are one of the most 

productive marine ecosystems, influencing environmental abiotic parameters and 

supporting a great abundance and diversity of species belonging to many phyla. 

Seagrasses can purify estuarine water by sequestering toxic compounds from the 

water column (e.g., copper, zinc, lead, manganese, nickel, cadmium; Ward 1987, 

Hoven et al 1999) and by absorbing nutrients which potentially reduces eutrophication 

and phytoplankton blooms (Short and Short 1984). Seagrass photosynthetic activity 

releases oxygen that is vital for surrounding living organisms and the root-rhizome 

system plays an important role in oxygenating the superficial sediment layers. 

Moreover, the strong root-rhizome anchoring system binds and stabilises sediments 
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which prevents coastal erosion and provides habitat complexity in soft sediment 

environments (Orth et al 1984, Short and Short 1984). 

Seagrass meadows provide a nursery area for offshore fish. They offer shelter and 

habitat for endangered species such as dugong, manatee, green turtle and sea horses 

(Hemminga and Duarte 2000). Moreover, many commercial fisheries, such as fish 

(snapper, flounder and rabbitfish), molluscs (oysters, mussels, scallops and clams), 

and crustaceans (shrimp, lobster and crabs) use the seagrass habitat. Seagrass 

meadows also provide food for a range of organisms. The micro-organisms process 

seagrass detrital matter, detritivores (e.g., crabs and worms) feed on decaying 

seagrass, and herbivores (waterfowl, dugong, manatee, turtle, fish, sea urchin and 

other invertebrates) directly consume fresh seagrass leaves and/or roots. Threatened 

herbivores such as the dugong and the green turtle are highly dependant on the 

presence of this unique food resource, which greatly increases the ecological value of 

this marine ecosystem. Commercial fisheries also derive an economic benefit from 

this ecosystem, which is estimated to be in the order of US$19,004 per ha per year 

(Costanza et al 1997). 

1.3. Potential stressors affecting seagrass  

Within the last century, seagrass decline has been recorded worldwide (Short and 

Willie-Echeverria 1996, Waycott et al 2009). The ecological and economic value of 

this ecosystem makes it essential to investigate the potential causes of this decline (see 

Fig. 1.1). Overgrazing by herbivores has been postulated as a potential threat to 

seagrass meadows since they disturb the structure of the seagrass habitat by removing 

a large amount of plant biomass (River and Short 2007). The foraging technique 

varies amongst herbivores, with fish, turtle and invertebrates cropping only the 
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seagrass leaves (Kuiper-Linley et al 2007, Unsworth et al 2007, Vergés et al 2008) 

and dugongs, manatee and birds creating pits and/or trails in the seagrass meadow 

removing and/or damaging roots and rhizomes as well as leaves (Masini et al 2001, 

Hugues et al 2004, Tinkler et al 2009). Seagrass usually recovers from grazing 

through seed germination and vegetative regrowth from remnant or adjacent plants 

(Preen 1995). It is even known that the abrasive action of grazing by large herbivores 

such as dugongs stimulates seed germination thus facilitating seagrass recovery after 

grazing (Peterken and Conacher 1997). The persistence of seagrass ecosystems 

therefore suggests that there is a balance between the regeneration of seagrass 

meadows and the natural densities of herbivores. However, the introduction of new 

herbivore species or increases in natural grazer populations, that often result in 

overgrazing (River and Short 2007, Eklöf et al 2008), may detrimentally affect this 

equilibrium. Under intensive grazing, a high proportion of biomass is removed, 

especially rhizomes, which may delay or prevent recovery in the longer-term (Rivers 

and Short 2007). Herbivores that graze on both above and below ground biomass 

usually remove the meristem (the part of the plant where growth is initiated) of 

seagrass, which highly impedes recovery. Moreover, consumption or a poor 

recruitment of seeds will reduce the recovery capacity after grazing. A better 

understanding of how different types of herbivory can disturb seagrass meadows and 

the factors influencing seagrass regeneration from grazing by various herbivores is 

crucial to preserve these ecosystems. 

Other factors may also contribute to seagrass decline or play a role in decreasing 

seagrass resilience to grazing pressure. Due to the increase in human population 

around the coast, seagrass meadows are often exposed to anthropogenic contaminants. 

Urbanisation of coastal areas, along with lack of efficient waste water management, 
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has been shown to result in large losses of seagrass (Kemp et al 1983, Larkum and 

West 1990, Short and Willie-Echeverria 1996, Peters et al 1997). Coastal runoff 

leaches nutrients, fine sediment particles and other contaminants into estuarine water, 

which can detrimentally affect seagrass meadows. Nutrient over-enrichment of the 

water column often results in growth of competitive algae that considerably reduces 

light penetration to seagrass meadows by reducing water clarity (Duarte 1991, 

Williams and Rucklshaus 1993, Kendrick et al 2002, Greve and Krausen-Jensen 2005, 

Burkholder et al 2007, Sugimoto et al 2007). The suspension of fine mineral or 

organic particles in the water column may also limit light penetration and availability 

to seagrasses, and increased fluxes of fine sediment into estuaries can result in 

smothering of plants (Burkholder et al 2007).  

 

 

Figure 1.1: Stressors that can potentially affect seagrass standing stock or growth 

abilities, and contribute to its decline. Arrows indicate the proposed direction of 

impact. 
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Globally, along with herbivory, siltation and eutrophication of coastal areas are 

considered to be the major threats to the persistence of seagrass meadows (Burkholder 

et al 2007), but other anthropogenic pollutants (e.g., herbicides used in agriculture or 

in antifouling paints) may also be detrimental. Various herbicide components (e.g., s-

triazines and substituted ureas) have been detected in estuarine water and sediment 

(Scarlett et al 1999, Haynes et al 2000, Macinnis-Ng et Ralph 2004, Shahidul Islam 

and Tanaka 2004, Lam et al 2005, McMahon et al 2005, Zhang et al 2008). These 

herbicides can detrimentally affect the mitosis process and/or the photosystem of 

aquatic plants (Coutris et al 2011), and thus may impede seagrass growth or 

regeneration after a grazing event.  

Beyond the need to study how individual stressors affect seagrass meadows, 

studies that emphasise the combined effects of multiple stressors are required. Indeed, 

although seagrass herbivory (as well as biomass losses resulting from other causes 

such as wave action) is often part of the natural dynamics of seagrass meadows, the 

introduction of new grazer species, or an increase in grazer population size, combined 

with the relatively recent contamination of coastal areas due to human activities, may 

disturb the seagrass ecosystem. Relatively few studies have investigated the combined 

effect of multiple stressors on seagrass meadows and examined which of these may be 

more important (Ibarra-Obando et al 2004, Eklöf et al 2009). For instance, Eklöf et al 

(2009) showed that reduced water clarity (simulated by shading) negatively affected 

the seagrass resilience after black swan grazing damaged above- and below-ground 

biomass. In contrast Ibarra-Obando et al (2004) showed no interactive effect of 

nutrient loading, light reduction and leaf removal mimicking sea-urchin grazing. 

Research on the cumulative (and possibly interactive) impacts of multiple stressors 
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affecting seagrass beds is key for understanding and disentangling how the ecosystem 

responds to such pressures. 

1.4. Thesis overview and objectives 

To assess how seagrass is affected by multiple stressors, this study examines 

separately the impacts of herbivory and anthropogenic contaminants (nutrient 

enrichment, sedimentation and herbicide contamination) on seagrass meadow 

structure and condition, and then investigates the possibility of an interactive effect of 

these stressors on the resilience of seagrass meadows. To implement this, I used a 

model system that incorporates a major herbivore, the black swan (Cygnus atratus 

Latham 1790) that grazes on mono-specific meadows of Zostera muelleri Irmisch ex 

Asch. (Zosteraceae) (Jacobs et al 2006, Jones et al 2008). 

The black swan population in New Zealand has long been considered as introduced 

by man from Australia in 1863. However, natural migration also occurred (Howard-

Williams et al 1987, Heather and Robertson 1996). Fossil records also indicate that 

swans were already established in New Zealand prior to European settlement with C. 

sumnerensis, a species which is now referred to C. atratus (Worthy and Holdaway 

2002). However, little is known about the historical abundance of swans in New 

Zealand and whether swan grazing has been a constant or sporadic selective pressure 

on New Zealand seagrass through evolutionary time. Nowadays, the black swan is 

considered as a native species of New Zealand and Australia. The New Zealand 

population is estimated to be ~ 35,000 birds (Kear 2005). The breeding populations 

congregate mostly in lakes whereas non-breeders mainly occupy estuaries, 

particularly during the summer moulting season, where they feed on seagrass 

(Williams 1981). 
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Zostera muelleri meadows occur predominantly on sheltered, intertidal sand flats 

in harbours. Low water clarity enables seagrass meadows to extend into the subtital 

zone in some locations (Schwarz 2004). Seagrass decline has been recorded in many 

New Zealand estuaries during the last century (Inglis 2003). Wasting disease detected 

during the 1960s, overgrazing by black swans and anthropogenic sedimentation and 

eutrophication have been postulated to contribute to this decline (Armiger 1965, Inglis 

2003, Reed et al 2004, Park 1999). To our knowledge no studies have quantified black 

swan grazing impacts on New Zealand seagrass meadows and investigated the impact 

of anthropogenic contaminants on seagrass. 

The present study is a combination of experiments, observations and measurements 

conducted in situ in mainly one estuary (Tauranga harbour), where urban land use is 

developing, and where the black swan population is increasing. The aim of the thesis 

is to quantify and identify the different pressures that detrimentally affect seagrass 

condition and examine a possible synergistic impact of these stressors on seagrass 

meadows. 

1.5. Organisation of the thesis 

The main body of the thesis comprises three chapters (2 to 4) each assessing the 

impact of stressors on seagrass meadows. Chapter 2 quantifies black swan grazing 

pressure and impact on seagrass meadows using an original alternative approach to 

traditional bird enclosure or exclosure experiments. Chapter 3 investigates, in situ, the 

relationships between current environmental parameters and seagrass condition. 

Chapter 4 examines seagrass meadow resilience to grazing pressure at sites differing 

in their environmental characteristics, notably the exposure to contaminants. The 

specific objectives of each chapter are: 
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 (Chapter 2) To document black swan grazing behaviour in estuaries and 

quantify consumption rates and disturbance impacts on seagrass beds. This chapter 

includes (1) observations on the timing and feeding patterns of swan grazing, (2) 

experiments to quantify in situ black swan consumption rates on seagrass and 

determine the nature of plant material eaten by the swan, and (3) analyses to examine 

possible relationships between swan grazing pressure and seagrass standing stock 

biomass at seasonal and annual time scales. 

 (Chapter 3) To select and quantify a range of potential stressors and identify 

those environmental variables most strongly correlated with seagrass condition.  This 

chapter consists of a single large survey of seagrass condition and potential 

environmental and contaminant stressors at ten sites in two harbours. 

 (Chapter 4) To evaluate how seagrass meadow structure and recovery are 

affected by different levels of grazing intensity across sites that varied in exposure to 

anthropogenic contaminants and other environmental characteristics. This chapter 

consists of a grazing simulation experiment based on the black swan foraging 

behaviour quantified in chapter two, at sites with contrasting environmental stressors 

as defined in chapter three. 
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Swan count at Katikati site, Tauranga Harbour. 
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2. Black swan (Cygnus atratus) grazing pressure 

and impacts on temperate intertidal 

seagrass (Zostera muelleri) meadows 

 

 

2.1. Introduction 

Seagrasses are found in the coastal zones of all continents except Antarctica (Short 

et al. 2007) and contribute significantly to coastal primary production (Hemminga and 

Duarte 2000, Beck et al. 2001). Globally, seagrasses are an important food source for 

a variety of marine herbivores including dugongs, manatees, turtles, fish, sea-urchins 

and waterfowl (Thayer et al 1984, Heck and Valentine 2006). Smaller grazers (e.g., 

sea-urchins, fish, and turtles) tend to remove only the leaves and shoots of plants 

while larger grazers (e.g., manatees, dugongs and waterfowl) will also uproot and 

consume roots and rhizomes (Jacob et al 1981, Vermaat and Verhagen 1996, Mathers 

et al. 1998, Hugues et al 2004, Tinkler et al 2009). In addition to the loss of biomass, 

grazing activities can disturb the structure of seagrass meadows by creating a mosaic 

of defoliated or devegetated patches (Jacob et al 1981, Thayer et al 1984). This can 

also lead to a change in environmental conditions within the meadow (e.g., current 

velocities, sediment quality) that is less conducive to seagrass re-growth (Kendrick et 

al 2002, Eklöf et al 2008), and meadows may become more vulnerable to erosive 

forces (Fonseca and Bell 1998). However, grazing effects might not always be 

detrimental. Removal of epiphytised leaves and senescent tissue by grazing may 
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reduce the susceptibility to slime mold (Labyrinthula sp.) infection (Jackson 2001). 

Periodic biomass removal may facilitate erosion of elevated intertidalbeds, 

counteracting excessive sedimentation and plant exposure to desiccation stress, thus 

assisting these meadows to regenerate on an annual basis (Jacob et al 1981, Nacked 

and Reise 2000). In some settings, seagrasses have been shown to compensate for low 

to moderate grazing losses (removal of 5 to 40 % of leaf biomass) by increasing their 

above-ground growth rate (Vergés et al 2008).  

Avian grazing on intertidal seagrasses is often a seasonal occurrence with grazing 

events linked to migration and lasting for a few weeks to a few months (Jacob et al 

1981, Thayer et al 1984, Portig et al 1994, Baldwin and Lovvorn 1994, Ganter 2000, 

Nacked and Reise 2000, River and Short 2007). Studies on migratory geese and 

wigeon in the Northern Hemisphere have documented intensive grazing events during 

the autumn and/or winter period. During these events, grazing can remove moderate 

to very high proportions of the seagrass biomass (20 - 98 %) (Portig et al 1994, 

Baldwin and Lovvorn 1994, Nacked and Reise 2000, Rivers and Short 2007). 

Recovery usually proceeds in the following growing season by vegetative expansion 

of remnant rhizomes and leaves and/or through germination of seeds (Jacob et al 

1981).  However, recovery can be slowed, or prevented, following high intensity 

grazing because of significant damage to, or consumption of, plant rhizomes or 

meristems (e.g., Rivers and Short 2007, Alcoverro and Mariani 2002). The recovery 

process is also dependent on the frequency of disturbance, the availability of resources 

to enable re-growth (e.g., sufficient light and nutrients) and the colonisation strategy 

of the plant species (Di Carlo and Kenworthy 2008) (i.e., recovery may be hindered 

by a lack of dissemination structures (e.g., seeds) (Kendrick et al 2002, Altstatt 2003, 

Orth et al 2006, Eklöf et al 2008)).  



Chapter 2 – Grazing impacts on seagrass meadows 

 33 

In New Zealand, the black swan (Cygnus atratus Latham 1790) is the only large 

grazer of intertidal seagrass meadows. The black swan is a native species of New 

Zealand and Australia (Worthy and Holdaway 2002) and the New Zealand population 

is estimated to be ~ 35,000 birds (Kear 2005). Black swans are present in New 

Zealand lakes and estuaries all year. However, the non-breeding birds tend to 

congregate in large estuaries during the moulting season (summer-autumn period) 

where they graze as flocks on the intertidal seagrass meadows (Williams 1981). 

Evaluating the swans grazing pressure is an important first step toward understanding 

its role in the dynamics of seagrass meadows. 

Zostera muelleri Irmisch ex Asch. (Zosteraceae) is the only seagrass species in 

New Zealand (Jacobs et al. 2006, Jones et al 2008) and it forms meadows occurring 

predominantly on sheltered, intertidal sand flats in estuaries. Seagrass meadows have 

declined in many New Zealand estuaries during the last century (Park 1999, Inglis 

2003, Reed et al 2004). Seagrass wasting disease, which was detected during the 

1960s (Armiger 1965), may have contributed to the decline together with other 

potential causes including anthropogenic sedimentation and eutrophication (Park 

1999, Inglis 2003). Overgrazing by black swans is also postulated as a factor 

contributing to seagrass decline in some locations (Park 1999).  

In temperate climates, seagrass communities are often subject to strong seasonal 

variations in biomass (Duarte and Chiscano 1999, Turner and Schwarz 2006a). 

Moreover swans not only migrate to estuaries seasonally but also can move within an 

estuary when resources within a site have been exhausted (Percival and Evans 1997). 

Thus, observations and measurements that account for such variations in grazer and 

seagrass abundance are necessary to accurately assess the effects of herbivory. I used 

such an approach to examine whether grazing by black swans might contribute to 
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seagrass decline in a large New Zealand estuary, Tauranga Harbour. In 1959, 22 % of 

Tauranga Harbour surface area was covered by both intertidal (89 %) and subtidal (11 

%) Z. muelleri. By 1996, more than one-third of the seagrass meadows had 

disappeared, reducing the seagrass coverage to 15 % from which 27 % of the 

intertidal and 90 % of the subtidal seagrass was lost (Park 1999), while black swan 

numbers in this harbour have steadily increased (from 1900 to 5100 birds in mid-

summer between 1979 and 2010; Eastern Region Fish and Game Council, 

unpublished data). The increased grazing pressure on seagrass in this harbour, which 

may be due to decline of macrophytes in inland lakes, may have contributed to the 

observed decline in meadow area, particularly for intertidal plants and those shallow 

subtidal plants within the reach of grazing swans (i.e. <1m depth). Our aims in this 

study were to (1) document the grazing behaviour of black swans feeding on seagrass 

meadows; (2) quantify in situ seagrass consumption rates by black swans and grazed 

patch characteristics; and finally, (3) to examine possible relationships between swan 

grazing pressure and seagrass standing stock biomass at seasonal and annual time 

scales. To quantify seagrass consumption rates I used an original, alternative approach 

to traditional bird enclosure and exclosure experiments. Enclosure and exclosure 

experiments were considered for this study but were highly problematic for the 

following reasons; (1) enclosure facilities to pen large, mobile birds like swans for 

controlled feeding experiments are rare (i.e. only in zoos) and the birds natural 

behaviour may be altered in such situations and not representative of that in situ; (2) 

cages or other structures to exclude birds from parts of the seagrass meadow are prone 

to fouling with floating seaweed and other flotsam, and if adjacent to populated areas 

are highly vulnerable to tampering or removal. 
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2.2. Materials and methods 

2.2.1. Study sites 

The study was conducted in Tauranga Harbour on the North Island of New 

Zealand (Latitude: 37° 41' 7", Longitude: 176° 9' 58") (Fig. 1). This harbour has a 

surface area of 201 km
2
, of which ~14 % (29 km²) is covered by seagrass meadows 

(Park 1999). Five sites considered representative of Tauranga Harbour were chosen 

(Fig. 2.1), varying in seagrass meadow extent and swan occupation. Field 

observations and measurements were made between April 2007 (autumn) and 

February 2010 (summer).  

 

 

Figure 2.1: Location of the five study sites in Tauranga Harbour, North Island, New Zealand. 
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2.2.2. Swan numbers and grazing patterns 

Once a month for a two-year period (March 2008 to February 2010), swan 

numbers were counted at each site during the day at low tide using binoculars (Asahi 

Pentax Binoculars, 10 × 50 Field 55º) to assess seasonal patterns. Diel grazing 

behaviour was assessed periodically at 2 sites (Omokoroa and Katikati) where swans 

were relatively numerous (> 50) and they could be observed with minimal 

disturbance. Swan observations were made for four contrasting tide/diel scenarios: 

low tide (1) and high tide (2) around midday, and low tide (3) and high tide (4) around 

midnight. Observations were made for either 12 or 24 h on 3 or 4 different occasions 

for each scenario during the period when swans were most abundant in the harbour 

(December to May). Swans were counted and their behaviours ((1) sleeping, (2) 

grazing, or (3) other activity (e.g., loafing, flying, swimming and walking)) observed 

and recorded every 15 min using binoculars. Infra-red binoculars (ATN Voyager 

Night Vision) were used during night-time observations. 

2.2.3. Quantifying patch size and biomass removal 

Circular defoliated patches within the seagrass meadows were clearly visible and 

attributable to swan grazing. The most recently-made patches were identified by the 

presence of adjacent fresh swan faeces and/or uprooted seagrass fragments. I 

measured the dimensions of 10 freshly grazed patches at 2 sites (Omokoroa and 

Bridgman Ln.) on 3 separate occasions (November 2007, February and March 2008) 

to determine the average size of the defoliated patches.  

I also determined the average amount of above-ground and below-ground biomass 

removed from these defoliated patches. On three occasions at the Omokoroa site 

(March, April and May 2008), I collected single cores (8 cm diameter × 10 cm depth) 
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from the centre of 10 grazed patches and another set of 10 cores randomly selected 

from adjacent ungrazed areas of the meadow. For the latter, I carefully selected areas 

that had no obvious signs of recent grazing (e.g., leaf breakage, exposed roots, bare 

patches). Plant material was extracted from the cores and separated into shoot, root 

and rhizome fractions. All samples were dried (70°C for 48 h) to determine dry 

weight (DW). 

2.2.4. Seagrass consumption rates, calorific value and biomass 

Seagrass consumption rates were estimated in situ 5 times across 2 sites 

(Omokoroa and Katikati), in summer-autumn (January 2008, March to May 2008 and 

February 2009).  Within the seagrass meadow, an observation plot (100 × 100 m or 75 

× 75 m) was marked in each corner with buoys at low tide and all swan faeces were 

removed. The number of swans within the plot was counted every 15 min for either 

12 or 24 h to determine mean swan density during the experiment. The duration of the 

experiment was based on the following assumptions: (1) that the rate of throughput 

does not exceed 6 hours (the black swan has a mean digestive tract length of 3.83 m 

(n = 6, V. Dos Santos, unpublished data) which lies between that of the whooper swan 

(3.17 m) and the mute swan (4.05 m) which have food retention times of 3 and 6 

hours, respectively (Clausen et al 2002)) and (2) that swan numbers entering versus 

exiting the plot remained relatively constant for the duration of the observation period. 

At the end of the observation period all faeces within the plot were collected and the 

DW (70°C for 48 h) determined. Seagrass samples were also collected and dried on 

one occasion. I used lignin as an indigestible marker (herbivorous birds are unable to 

digest lignin; Newsholme and Start 1973), to estimate the quantity of seagrass 

consumed from the quantity of faeces collected. The lignin content (mean ± SE) as a 

% DW of faeces (LF) (7.6 ± 0.6 %; n = 3) and seagrass (LS) (5.8 ± 0.4 %; n = 3) was 
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determined using a Tecator Fibretec System (Robertson and Van Soest 1981). I 

calculated the digestibility (%) of seagrass as: 

(Eq. 1)    100*/1 FS LLd   

24 % of the seagrass was digested and thus lost to the environment. I therefore applied 

a correction factor (Sd) of 1.31 (LF/LS) to our calculations of seagrass consumption 

rates (see Eq. 2). 

I also noted that a loss of swan faeces could occur from plots due to faeces 

degradation and/or transport by tidal currents. I assessed this potential loss term on 3 

occasions (Omokoroa site, May 2008, January and February 2010) under conditions 

(tidal range, wind speed) similar to those encountered during our seagrass 

consumption measurements. Faecal samples (n = 20, for each occasion) were 

collected at low tide, marked using insoluble spray-paint, weighed (wet weight, WW) 

and distributed at randomly chosen locations within a 100 × 100 m plot area.  On the 

following low tide intact marked faeces remaining in the plot were collected and 

reweighed; 53 ± 17 % (WW) of the faeces were lost.  

Seagrass consumption rates (CR; g DW swan
-1

 d
-1

) were estimated using:  

(Eq. 2) 
 

tn

SFQ
CR

dwf

*

**
  

where Qf is the quantity of faeces collected (g DW), Fw is the correction factor for the 

amount of faeces washed away by one tide cycle (2.11 for a 12 h experiment 

(100/(100-53)) or 4.46 when 2 tide cycles occurred during a 24 h experiment 

(100/(100-53))
2
), Sd is the correction factor for the amount of seagrass lost via 

digestion (1.31), and n is the average number of swans present in the plot area during 

the observation/feeding period t (either 0.5 or 1 day). 
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To estimate the daily energy intake by the black swan, calorific values of both 

above and below-ground biomass of Z. muelleri were obtained by combustion of dried 

seagrass samples (from Omokoroa site, n = 6) in an Oxygen Bomb Calorimeter 

(PARR Oxygen Bomb Calorimeter, 1341 Plain Jacket Calorimeter). The black swan 

daily energy intake (EI) was estimated in kilo-joule per day (kJ day
-1

) by: 

(Eq. 3) CI SCRE *  

where SC is the mean seagrass calorific value (kJ g
-1

). 

Seagrass meadow size (m
2
) at each site was estimated during summer (2007/2008) 

using a tape measure as the distance occupied alongshore multiplied by distance 

occupied downshore. Seagrass biomass (Sb; g DW m
-2

) was determined on a monthly 

basis for one year (February 2009 to February 2010) to compare to that removed by 

swan grazing. To avoid repeated destructive sampling of meadows, seagrass biomass 

was estimated from percentage (%) cover values in 6 plots (0.25 m
2
) at all sites except 

Otumoetai. I established a relationship between % seagrass cover and biomass on one 

occasion by sampling 15 plots (0.25 m
2
) at each of the 5 study sites. Percentage 

seagrass cover was determined and biomass measured from a core (8 cm diameter × 

10 cm depth) collected in the middle of each plot, from which seagrass (above and 

below ground biomass) was extracted, dried (70°C for 48 h) and weighed. I converted 

monthly percentage cover measurements into biomass (g DW m
-2

) using the following 

equation (r
2 

= 0.71, p < 0.01):  

(Eq. 4)  Sb = (% cover - 5.90)/ 0.18. 

Black swan grazing pressure (Sg) was expressed as a proportion (%) of the 

standing seagrass biomass and estimated using the following formula:  

(Eq. 5) 100*
*

**

aS

tmnCR
Sg

b

m  
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where mn is the monthly swan number in the plot area and tm is the number of days in 

a month, a the size of the plot area (10,000 m
2
). Monthly swan number in the plot area 

was estimated as 5.7 % of the swan number counted monthly at each site from March 

2009 to February 2010. This percentage corresponds to the average proportion of the 

swan population present in the plot area during the consumption rate experiments. 

Seagrass biomass and grazing pressure data were pooled and presented as seasonally 

and annually averaged values for each site. 

2.2.5. Data analyses 

Bivariate linear regression analysis was used to examine relationships between 

swan numbers/density and seagrass meadow size. The amount of time swans spent 

grazing during the day versus the night, seagrass biomass in February 2009 versus 

February 2010 and seagrass calorific value of above versus below-ground biomass, 

were compared with a Student‟s t-test. Above, below-ground, root, rhizome and total 

biomass of grazed versus ungrazed areas, were compared with a paired Student‟s t-

test. Significant temporal and spatial differences (p < 0.05) in swan numbers were 

explored with a three-way analysis of variance (ANOVA) where site, year, season and 

combined effects were tested. Seagrass biomass and grazing pressure among sites and 

seasons were examined using two-way ANOVA. Post-hoc Tukey HSD multiple 

comparison tests were used for pair-wise comparisons when applicable. Statistica 

Version 8 (StatSoft, Inc. Oklahoma, USA) was used for all statistical analyses. 
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2.3. Results 

2.3.1. Seasonal swan numbers and daily grazing patterns 

Swans generally congregated in the harbour from late spring to early winter 

(November to June) (Fig. 2.2). The swan population typically increased during the 

summer months to reach a maximum during autumn then decreased through winter 

and spring. The most populated sites were Bridgman Ln, Omokoroa and Katikati, 

with annual average swan numbers of 154, 88 and 53 respectively. Harvey St. and 

Otumoetai sites were much less populated by swans (annual average swan number 16 

and 0 respectively) and were close to urban areas. Seasonal trends in swan numbers 

differed significantly among sites (three-way ANOVA, site × season effect F9,64 = 

9.49, p < 0.01). Swan numbers were significantly higher during autumn at Bridgman 

Ln. and Omokoroa sites compared to other sites (Tukey HSD test, p < 0.05). 

Seagrass meadow sizes varied from 0.005 (Harvey St. and Otumoetai sites) to 

0.72 km
2
 (Bridgman Ln. site). Omokoroa and Katikati sites had intermediate meadow 

sizes of 0.24 and 0.09 km
2
 respectively. I found a significant positive correlation 

between meadow size and annual average swan number (r
2 

= 0.92, p < 0.01, n = 5) but 

no significant correlation between swan density and meadow size (r
2 

= 0.64, p = 0.52, 

n = 5).  I found no evidence of a critical meadow size for swan occupation in this 

study. The smallest meadow size measured in this study at two sites (both adjacent to 

urban areas) was 0.005 km
2
. While one site (Harvey St.) was periodically occupied by 

a small number of the swans, swans were entirely absent from the other site 

(Otumoetai).   
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Figure 2.2: Numbers of black swans recorded monthly at each site in Tauranga Harbour from 

March 2008 to February 2010.The trend in the total count summed for all sites is illustrated in 

the top panel while counts for individual sites are shown in the lower panels. Black swan 

number is not separately illustrated for the Otumoetai site since no swans were present at this 

site during the two-year count period. 

 

Our observations showed that black swans generally only grazed on the seagrass 

meadows when plants were covered by shallow water (i.e., during mid-high tide when 

water depth was less than ~1 m, the length of their necks), and that this grazing 

pattern was not affected by the day-night cycle (Fig. 2.3). 
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There was no significant difference (t-test, n = 6, p = 0.79) between the average 

amount of time spent grazing on meadows during the night (58 %) and the day (59 %) 

(Table 2.1). Swans were generally sleeping or grooming when the seagrass meadows 

were exposed at low tide. 

 

 

 

Figure 2.3: Examples of day and night swan behaviour results at the Omokoroa site. Counts 

were made every 15 min during the day (a; left graphs) and the night (b; right graphs) when 

high tide occurs at the middle of the observation period (upper graphs) and when low tide 

occurs at the middle of the observation period (lower graphs). The above solid curve 

represents the tidal state during the observation period and the dashed line indicates the upper 

limit of seagrass depth distribution. The decrease in swan numbers during the night reflects 

reduced visibility for counting rather than swan exodus from sites. 
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Table 2.1: Summary of swan grazing observations from May 2007 to April 2008 at two study 

sites (Katikati and Omokoroa), and the proportion of time that swans spent grazing on 

seagrass meadows during the day and night. 

 
 

Observation 

scenario 
Location Date 

Start 

time 

(h:min) 

Duratio

n  

(h) 

Time of 

high or 

low tide 

(h:min) 

Proportion 

of time 

spent 

grazing  

(%) 

Proportion 

of time spent 

grazing per 

night and 

day Mean 

±SE 

Night – High tide Omokoroa Dec 07 17.30 12 0.45 60 

58 ±3 

 Katikati Jan 08 19.15 12 0.30 52 

 Omokoroa Apr 08 18.30 12 0.45 67 

Night – Low tide Katikati Feb 08 13.00 24 1.30 49 

 Katikati Feb 08 15.15 24 1.30 69 

 Omokoroa Mar 08 13.15 24 23.30 49 

Day – High tide Omokoroa Dec 07 8.00 12 14.15 73  

 

 

59 ±3 

 Katikati Feb 08 5.45 12 11.15 67 

 Katikati Mar 08 6.45 12 11.30 49 

Day – Low tide Omokoroa May 07 7.30 12 11.30 50 

 Omokoroa May 07 7.30 12 12.15 56 

 Omokoroa May 07 7.30 12 13.00 58 

 Omokoroa May 07 7.30 12 13.45 60 

Total mean ±SE      59 ±2  

 

 

 

2.3.2. Defoliated patches 

Two main types of grazing behaviour were observed. The first type consisted of 

swans remaining relatively static and intensively grazing in one place. This type of 

grazing was most common when swans were undisturbed and resulted in circular 

defoliated patches. These patches often took the form of shallow pits in the sediment 

as swans dug to extract seagrass rhizomes and roots. The second type of grazing 

behaviour was observed when a disturbance occurred (e.g., boat traffic) and consisted 

of swans grazing while swimming. In this case, grazing impacts were difficult to 

quantify; however it was possible to find occasional plants uprooted and defoliated 

when the seagrass meadow was observed on the subsequent low tide.  
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Freshly formed defoliated patches varied in diameter from 0.3 to 1.5 m with a 

mean (± SE) surface area of 0.28 ± 0.02 m
2
.  Analysis of seagrass biomass remaining 

in intensively grazed patches compared to ungrazed controls showed that overall 60 % 

of the total seagrass biomass was removed from the grazed patches including 92 % of 

the seagrass above-ground and 43 % of the seagrass below-ground biomass. From the 

below-ground biomass, 25 % of the roots and 99 % of the rhizomes were removed 

(Table 2.2). The wide variation in seagrass biomass found within the ungrazed control 

areas suggests that swans probably randomly select feeding patches at the meadow 

scale (Table 2.2). 
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Table 2.2: Seagrass biomass in grazed patches compared to ungrazed areas of seagrass meadows, and the proportion of biomass removed 

by intensive swan grazing creating defoliated patches, at Omokoroa (n = 10 for each date).  

 

Date Below-ground biomass  Above-ground biomass 

 
Rhizome biomass  Root biomass  Shoot biomass 

 Ungrazed 

area 

(g m
-2

) 

Grazed 

patch 

(g m
-2

) 

Biomass 

removed 

(%) 

 

Ungrazed 

area 

 (g m
-2

) 

Grazed 

patch 

(g m
-2

) 

Biomass 

removed 

(%) 

 

Ungrazed 

area 

 (g m
-2

) 

Grazed 

patch 

(g m
-2

) 

Biomass 

removed 

(%) 

19 Mar 08 54 0 99  130 92 26  68 5 92 

29 Apr 08 39 0 100  161 133 18  75 10 87 

27 May 08 42 1 98  136 89 29  110 2 99 

Mean ± SE 45 ± 4 0 ± 0 99 ± 1 
a
  142 ± 12 105 ± 12 25 ± 5

 a
  84 ± 11 6 ± 1 92 ± 2 

a
 

Max 95 6 100  331 307 79  280 28 100 

Min 11 0 80  45 45 0  30 0 48 

Biomass 

removed (%)  
Below 43 ± 4

 a
 

 

 Above 92 ± 2
 a
 

Total 60 ± 3
 a
 

                      a
significant differences between grazed and ungrazed areas were found for the rhizome, root, shoots, below-ground and total biomasses  

               (paired t-test, n = 30, p < 0.01). 
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2.3.3. Seagrass consumption rates, calorific value and biomass 

I measured seagrass consumption rates ranging from 140 to 850 g DW swan
-1

 day
-

1
 with a mean consumption rate of 394 g DW swan

-1
 day

-1 
(Table 2.3). Seagrass 

calorific values averaged (± SE) 11 ± 0.4 kJ g
-1

, and were significantly higher (t-test, 

n = 6, p < 0.01) for the leaves (12.2 ± 0.4 kJ g
-1

) than the roots and rhizomes (9.9 ± 

0.3 kJ g
-1

). Using the mean consumption rate and the mean seagrass calorific value, I 

calculated that the black swan calorific intake averaged 4334 kJ day
-1

. 

 

Table 2.3: Seagrass consumption rates by black swans based on the amount of faeces 

collected in the observation area and swan numbers (with corrections applied for digestion 

and tidal/degradation losses).  

 

2.3.4. Seagrass biomass and grazing pressure 

Seagrass biomass differed among sites and seasons (Two-way ANOVA, site effect 

F3, 32 = 6.68, p < 0.01, season effect F3, 32 = 4.90, p < 0.01). The site with the lowest 

swan number (Harvey St.) had significantly higher biomass compared to the three 

other sites (Tukey HSD test, p < 0.05). Although seasonal patterns did not differ 

across the sites (significant site × season interaction, F9, 32 = 1.70, p = 0.13), the 

biomass at all sites was significantly higher during autumn than in any other season 

(Tukey HSD test, p < 0.05; Fig 2.4). 

 

Date Location Collection Plot area Mean swan  Faeces Consumption rate 

  period size number collected (Qf) (CR) 

  (h) (ha) (n ha
-1

) g DW ha
-1

 g DW swan
-1

 day
-1

 

29/30 Jan 08 Katikati 12 1.0 8 460 319 

19/20 Mar 08 Omokoroa 24 0.6 19 454 140 

28/29 Apr 08 Omokoroa 12 1.0 13 809 345 

26/27 May 08 Omokoroa 12 1.0 8 1,228 850 

04/05 Feb 09 Katikati 12 1.0 6 341 315 

Mean ± SE      394 ± 120 
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Figure 2.4: Seasonal variations in seagrass biomass and swan grazing pressure (expressed as 

a % of the biomass standing stock) for each site, and the annual average at study sites in 

Tauranga Harbour (March 2009 to February 2010). Black columns represent the measured 

seagrass biomass and grey columns the grazing pressure. Error bars indicate 1 SE of mean 

values. For grazing pressure columns within each graph those with the same letter are not 

significantly different at p > 0.05 (Tukey HSD test). 

 

Grazing pressure differed significantly among sites and seasons but the interaction 

of these two factors was also significant indicating that the seasonal trend in grazing 

pressure also varied amongst sites (Two-way ANOVA, site effect F3, 32 = 8.78, p < 

0.01, season effect F3, 32 = 3.73, p < 0.05, site × season effect F9, 32 = 2.26, p < 0.05). 

Grazing pressure was consistently higher at the two most swan-populated sites 

(Bridgman Ln. and Omokoroa sites) in all seasons with the highest pressure (~50 % of 

biomass) recorded at the Bridgman Ln. site during summer. On an annual basis (i.e., 
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performing a one-way anova on pooled seasonal data), I found that grazing pressure 

was also significantly higher at these two sites (Bridgman Ln., 19 ± 6 % and 

Omokoroa, 20 ± 6 %) compared to the Katikati (3 ± 1 %) and Harvey St. (0 ± 0 %) 

sites (Tukey HSD test, p < 0.05; Fig. 2.4).  

At the most swan-populated sites, the standing stock of seagrass biomass was 

considerably lower in the second growing season I monitored (i.e., in February 2010 

versus February 2009) (Bridgman 69 % reduction t-test, n = 6, p < 0.01; Omokoroa 43 

% reduction, t-test, n = 6, p = 0.15). At the other two sites (Harvey St. and Katikati) 

there was minimal change in seagrass biomass (-3 to +1 %) during this time interval 

(Fig. 2.5). 
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Figure 2.5: Seagrass biomass in February (summer) 2009 and in February 2010 at study sites 

in Tauranga Harbour. Black bars represent the median, grey columns incorporate the upper to 

lower quartile range, dashed bars indicate the lowest and/or highest values measured and 

circles represent outliers. 
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2.4. Discussion 

2.4.1. Swan grazing behaviour and impacts on seagrasses 

Results from this study indicate seasonal and spatial patterns in black swan 

grazing activities. Black swans were most numerous during the autumn period. This 

coincides with the time of maximum seagrass biomass (Fig. 2.4), consistent with Z. 

muelleri growth in Australia (Kirkman and Cook 1982), and with the time when 

seagrass rhizomes are likely to be most nutritious as resources are translocated by the 

plant to over-wintering organs (Dawes and Lawrence 1980). Swans congregated at the 

sites where the largest seagrass meadows occurred and appeared to randomly graze on 

different parts of the meadow suggesting that high density seagrass patches do not 

seem to be preferably targeted by swans. Their distribution was significantly related to 

seagrass presence which is consistent with observations of black swans in Western 

Australia (Eklöf et al 2009) and black-necked and coscoroba swans in an Argentinean 

coastal lagoon (Bortolus et al 1998).  

Black swans grazed the meadows predominantly at high tide when the plants were 

covered by a shallow layer of water (<1m; the length of their necks). It has been 

suggested that waterfowl feed on seagrass whenever the plant is easily accessible 

(Percival et al 1996, 1998). However, in this study swans were rarely observed 

grazing on seagrass while plants were fully exposed at low tide in contrast to other 

birds such as geese and wigeon (Jacob et al 1981, Percival and Evans 1997). Swans 

are the largest herbivorous birds that graze on seagrass (Kear 2005). By grazing when 

plants are immersed in shallow water has some advantages for the swans; (1) seagrass 

leaves are floating making plants easier to grasp and remove, (2) their energy 

expenditure is reduced since their body weight is supported by water and they are 
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better adapted for movement on water than land, possessing webbed feet and 

relatively powerful legs adapted for propulsion in the water (Hughes and Green 2005). 

Swan grazing resulted in the formation of circular devegetated patches where a 

very high proportion of shoots and rhizomes were removed. When grazing on subtidal 

seagrass, dugongs are known to create similar-sized scars (~0.39 m
2
) impacting the 

entire plant (Masini et al. 2001). Rhizomes were probably targeted because they 

typically have a higher sugar and starch content than other seagrass parts (Burke et al. 

1996). However shoots often contain more nitrogen than roots (Cebrián and Duarte 

1998). In this study I found that Z. muelleri shoots had a higher calorific value than 

below-ground parts which is consistent with other Zostera species (Baldwin and 

Lovvorn 1994, Percival and Evans 1997). Thus, it suggests that the swans will 

preferentially target both the shoots and rhizomes of Z. muelleri. Overall, swans 

removed on average 60 % of the seagrass biomass in these devegetated patches which 

is a similar level of biomass removal to that found for dugong grazing scars (68 % 

biomass removal; Masini et al. 2001). 

In contrast, smaller seagrass herbivores such as sea urchins, fishes and turtles 

usually graze only on aboveground parts of vegetation (Heck and Valentine 1995, 

Rose et al 1999, Valentine et al 2000, Moran and Bjorndal 2007, Vergés et al 2008). 

They tend to crop the leaf blade, without damaging foliar meristems, and plants are 

able to readily re-generate following short periods of high grazing pressure (Zieman et 

al 1984, Valentine et al 1997, Kirsch et al 2002, Moran and Bjorndal 2005, Kuiper-

Linley et al 2007, Unsworth et al 2007). In the case of larger grazers, such as black 

swans, that target both above and below-ground parts, plant recovery can be more 

difficult (Rivers and Short 2007). By damaging foliar and basal meristems the ability 

to compensate for growth is reduced and this is also compounded by removal of the 
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photosynthetic material that is needed to support new growth (Huhta et al 2000). In 

this study I found that swans removed a very high proportion of rhizomes (99 %) in 

grazed patches which might be expected to hinder plant recovery in these areas. In 

contrast studies on tundra, trumpeter and bewick swans that feed on fresh water 

macrophytes have shown that not all of below-ground tubers are removed and thus 

plants can regenerate the following growing season (LaMontagne et al 2003, 

Sponberg and Lodge 2005, Beekman et al 1991, Nolet et al 2001). It has been 

suggested that constraints on energetic profitability limit the ability of swans to fully 

exploit the tubers, and a sufficient density of tubers is left behind enabling subsequent 

recovery (Sponberg and Lodge 2005). 

2.4.2. Seagrass dynamics in relation to spatio-temporal variations in grazing 

pressure 

I evaluated grazing pressure in Tauranga Harbour by comparing the consumption 

of seagrass by swans to the biomass of the Z. muelleri meadows. The first step in this 

analysis was the measurement of the consumption rate. I performed these 

measurements in situ based on faecal deposition rate which contrasts with most prior 

studies that have quantified waterfowl consumption of Zostera. Other studies have 

mostly used enclosure experiments where a food supply is provided to caged birds 

(Mathiasson 1973) and/or in situ exclosures that compare changes in seagrass biomass 

between grazed and ungrazed areas (Charman 1975, Jacobs et al 1981, Madsen 1988, 

Percival and Evans 1997). Despite differences in methodology, our average 

consumption rate (394 g DW swan
-1

 day
-1

) is consistent with these other studies of 

bird grazing after taking into account body-weight differences between species (Table 

2.4). Moreover, the average daily energy intake (EI) I calculated, based on this 

consumption rate and the calorific value of seagrass that I measured (EI = 4334 kJ 
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day
-1

), is comparable to the daily energy requirement (ER) calculated by using the 

formula of Nagy (1987) (ER = 10.9 body mass 
0.64

 = 3907 kJ day
-1

, black swan body 

mass from Tauranga Harbour averaged 5.0 ± 0.2 kg, n = 22, V. Dos Santos, 

unpublished data).  

Table 2.4: Consumption rates of herbivorous birds grazing on Zostera spp.  

 

Bird species 
Body weight 

kg 
Diet 

Consumption rate 

g DW [kg bird
-1

] day
-1

 
Reference 

Anas acuta 0.8 Z. noltii 84
a
 Jacobs et al 1981 

Anas penelope 0.5 Z. noltii 90
a
 Jacobs et al 1981 

Anas platyrhynchos 1.1 Z. noltii 76
a
 Jacobs et al 1981 

Branta bernicla 1.4 Z. noltii 87
a
 Charman 1975 

Branta bernicla 1.4 Z. noltii 71
a
 Jacobs et al 1981 

Branta bernicla 1.4 Zostera spp. 96
a
 Madsen 1988 

Branta bernicla 1.4 Z. noltii 83
a
 Percival and Evans 1997 

Cygnus atratus 5 Z. muelleri 79 Present study 

Cygnus olor 9 Z. marina 77
b
 Mathiasson 1973 

a
consumption rate evaluated in situ using exclosure experiment; 

b
consumption rate evaluated using 

cage/enclosure experiment. 

 

 

By plotting seagrass consumption rates versus bird body weights from the literature 

and from my study, I found a significant linear relationship (r = 0.999, p < 0.01, n = 9) 

suggesting that the seagrass intake is proportional to bird body weight (Fig. 2.6). This 

relationship could potentially be used to estimate seagrass consumption rates for other 

herbivorous bird feeding on seagrass meadows that have not been previously 

evaluated. 
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Figure 2.6: Relationship between the body weight of herbivorous birds and seagrass 

consumption rates. The solid line represents the linear regression (r = 0.999, p < 0.01, n = 9). 

 

Analysis of our site-specific results indicated that sites with the highest grazing 

pressure, suffered substantial declines in the standing stock of seagrass biomass in the 

subsequent growing season.  Despite the seagrass loss, swans continued to occupy 

these sites since no significant changes in swan numbers were observed between 

summer 2009 and 2010. Conversely, at sites where grazing pressure was lower, no 

change in the standing stock of seagrass biomass was observed. While these results 

are purely correlative, they do suggest the presence of a potential threshold (19-20 % 

of mean biomass removed annually) above which seagrass decline may occur as a 

result of swan grazing. However, this study does not include measurement of other 

site-specific processes, such as eutrophication, sedimentation and physical 

disturbances (e.g., removal of biomass by currents, boat anchor/propeller scarring; 

Fonseca and Bell 1998, Creed and Amado Filho 1999), that may contribute to 

seagrass loss alone or in interaction with swan grazing. Nevertheless, our results also 

suggest that grazing pressure is spatially variable around the estuary since some sites 

had minimal grazing and seagrass loss. Swans seem to prefer sites with large seagrass 
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meadows and minimal disturbances (e.g., boat traffic). It has been previously reported 

that human disturbances can decrease the population size of a grazer resulting in a 

reduction of the grazing pressure (Ranwell and Downing 1959, Jacobs et al 1981). 

Sites with minor swan grazing pressure close to urban areas (e.g., Harvey St. site) 

might represent a reserve of floating vegetative propagules and/or seeds that could 

play a role in the regeneration of nearby impacted meadows (Preen 1995). 

Based on the results of this study and Eq. 5, at the estuary-wide scale annual 

grazing pressure could account for 15 % of the average seagrass biomass, assuming 

an estuary-wide seagrass area of 29.33 km
2
 (Park 1999), an annually averaged number 

of swans in the harbour of 3700 and a seagrass biomass of 117 g m
-2

 (annual average 

of the 4 study sites). I estimated the annual estuary-wide swan population by dividing 

our total monthly counts at the five study sites by 0.08 and averaging. This 0.08 

fraction is the proportion of the total harbour count in January (Eastern Region Fish 

and Game Council, unpublished data) I observed in the same month at our sites and it 

varied from 0.05-0.09 for the last three annual census dates (Jan 08, 09, 10). This 

analysis suggests that black swan grazing removes a moderate proportion of the total 

seagrass biomass at the estuary scale but because the swans are not uniformly 

distributed the potential exists to remove a greater proportion at sites supporting high 

swan numbers. At the estuary scale, I estimated that the 20 % removal threshold 

would be exceeded if the current swan population were to increase by 25 %.  

I estimated grazing pressure in relation to the standing stock of seagrass biomass. 

However another important variable is seagrass production, which if high enough may 

compensate for grazing. Eklöf et al (2009) estimated that black swan grazing could 

account for ~ 23 % of intertidal daily above- and below-ground Halophila ovalis 

production (3.1 g (DW) m
-2

 day
-1

) during autumn in meadows of Western Australia. 
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They also showed that H. ovalis rapidly recovered (within 21 days) following a 

grazing simulation experiment. I did not measure seagrass production in this study but 

using the range of summer and winter time Z. muelleri above-ground production rates 

given by Turner and Schwarz (2006b) (from 1.1 to 2 g (DW) m
-2

 day
-1

 respectively), I 

estimate that black swan grazing in Tauranga Harbour would account for a smaller 

proportion of the seagrass production during the peak growing season in summer-

autumn (from 4 to 9 %). This suggests that the productivity rate of Z. muelleri could 

potentially support the actual grazing pressure exerted by swans during the summer-

autumn period. Moreover, it has been previously suggested that when seagrass 

herbivores remove < 10 % of the plant production the seagrass persists (Mateo et al 

2006). However, grazing pressure (intensity and frequency) is highly variable among 

herbivores and combined with seagrass species/site specific recovery dynamics, 

generalisations are difficult (Mateo et al 2006).  

Studies of geese-grazing pressure on Zostera meadows in the Northern Hemisphere 

have shown that meadows of Zostera marina cannot recover the following growing 

season after very heavy grazing (98 % cover removal) (Rivers and Short 2007). 

However, in contrast, studies of dugong grazing of tropical seagrass meadows in 

Australia have shown that multi-species seagrass meadows can tolerate high levels 

(81-96 %) of annual biomass removal (Preen 1995, Masini et al 2001). It is suggested 

that these meadows are able to fully recover the following growing season because of 

the high production and recolonisation rate of one pioneer species (Halodule ovalis) 

and because seed germination of seagrass is stimulated by the abrasive action of 

dugong grazing. The results of our study suggest that Z. muelleri may have a 

relatively low tolerance to biomass removal, since I have linked a comparatively low 

level of annual biomass removal (19-20 %) to subsequent decline in the standing 
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stock of seagrass biomass the subsequent growing season. A low tolerance to black 

swan grazing by Z. muelleri meadows in Tauranga Harbour could be attributed to the 

targeting and removal of a very high proportion of Z. muelleri rhizomes by these birds 

and the probable lack of significant seed production and germination to facilitate rapid 

recovery. Flowering and seed production in Zostera species in New Zealand and 

Australia is generally considered rare or infrequent (Bearlin et al. 1999, Turner and 

Schwarz 2006b).  

In conclusion, the results of this study have shown that large grazers, like swans, 

can exert considerable grazing pressure on the biomass of seagrass meadows. High 

grazing pressure and removal of reproductive structures may hinder recovery of 

seagrass meadows in subsequent growing seasons. However, the pressure exerted and 

impacts can be highly variable at system-wide temporal and spatial scales highlighting 

the need to account for these scales in study design.  
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Chapter 3 
 

Influence of nutrient enrichment, sedimentation 

and herbicide residues on seagrass condition in two 

contrasting New Zealand harbours 

 

View from Site 1, Aotea Harbour. 
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3. Influence of nutrient enrichment, sedimentation and  

herbicide residues on seagrass condition in two 

contrasting New Zealand Harbours 

 

 

3.1. Introduction 

Seagrass meadows are the most productive ecosystems of the marine environment 

(Green and Short 2003). They provide essential habitat for globally threatened species 

(i.e. green turtle, manatee and dugong; Lanyon et al 1989, Hemminga and Duarte 

2000, Gell and Whittington 2002) as well as many other motile and sedentary 

organisms (e.g. fish, shellfish, crabs and shrimps; Kikuchi 1980, McRoy and 

Helfferich 1980, Odgen 1980, Roblee et al 1991, Zieman 1982). Seagrasses also play 

a role in maintaining water quality by assimilating nutrients, thus potentially reducing 

eutrophication and phytoplankton blooms (Short and Short 1984), and by sequestering 

toxic compounds (e.g. heavy metals) from the water column and sediments (Hoven et 

al 1999, Ward 1987). They also stabilize sediments through root and rhizome 

anchorage (Short and Short 1984). However, worldwide many seagrass meadows are 

in decline primarily as a result of anthropogenic contamination of coastal areas (Short 

and Willie-Echeverria 1996, Waycott et al 2009). 

Nutrient over-enrichment of the water column, that stimulates algal growth and/or 

the production of organic resuspendable detritus, can vastly reduce water clarity and 

light available for seagrass photosynthesis impeding growth (Burkholder et al 2007, 

Duarte 1991, Greve and Krausen-Jensen 2005, Kendrick et al 2002, Sugimoto et al 
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2007, Williams and Rucklshaus 1993). Other contaminants such as pesticides, and 

particularly herbicides (e.g. s-triazines, substituted ureas), have been reported in 

seagrass leaves, water and/or sediment (Haynes et al 2000, Lam et al 2005, Macinnis-

Ng et Ralph 2004, McMahon et al 2005, Scarlett et al 1999, Shahidul Islam and 

Tanaka 2004, Zhang et al 2008). These compounds are widely used in agriculture, 

urban areas and as effective antifouling biocides in paints, and can affect plant growth 

through direct or indirect inhibition of photosynthesis (Coutris et al 2011). 

The origin of seagrass habitat contamination is often attributed to human activities 

(Kemp et al 1983, Larkum and West 1990, Peters et al 1997, Short and Wyllie-

Echeverria 1996). In areas of coastal development, catchment runoff leaches nutrients, 

pesticides and fine sediment particles into estuaries, a process which is intensified 

during storm (Blake and Duffy 2010). Impacts of over-enrichment and sedimentation 

have been well documented (see Burkholder et al 2007). In contrast, less is known 

about the effects of herbicides, and to our knowledge the cumulative impacts of these 

anthropogenic contaminants on seagrass ecosystems have not been studied.    

In New Zealand, the sole seagrass species, Zostera muelleri Irmisch ex Asch. 

(Zosteraceae), has disappeared in many locations in the last 50-60 years (Inglis 2003). 

Anthropogenic sedimentation, eutrophication and wasting disease detected in 1960s 

(Armiger, 1965) are postulated as possible factors responsible for this decline (Inglis 

2003, Park 1999). Information on nutrient enrichment, sedimentation and herbicide 

impacts on Z. muelleri is lacking for New Zealand (Matheson and Schwarz 2007, 

Turner and Schwarz 2006). Thus, work to disentangle the effects of various potential 

contaminant stressors on seagrass decline is required to better understand the 

dynamics of this important marine ecosystem. In this study, we surveyed two 

contrasting harbours, Tauranga and Aotea, which differed in catchment size and land 
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use. More than one-third of the seagrass has been lost since the 1950‟s in the more 

urbanized Tauranga Harbour (Park 1999). We aimed to identify the potential 

contaminant stressors affecting seagrass by linking seagrass condition with 

environmental parameters that include nutrient concentrations, sediment grain size 

characteristics and herbicide residues. 

3.2. Materials and methods 

3.2.1. Study sites 

The study was carried out in two estuaries at similar latitude; Tauranga Harbour 

(Latitude: -37° 41' 7", Longitude: 176° 9' 58") on the east coast and Aotea Harbour 

(Latitude: -38° 0' 24", Longitude: 174° 49' 35") on the west coast of the North Island 

of New Zealand (Fig. 3.1). Tauranga Harbour has a larger surface area than Aotea 

Harbour (201 and 31 km
2
, respectively). However, the percentage of surface area 

covered by seagrass in the two harbours is similar; 29.33 km
2
 or 15 % of surface area 

in Tauranga Harbour (Park 1999) and 5.33 km
2
 or 17 % in Aotea Harbour (Graeme 

2005). Five intertidal sites, differing as much as possible in seagrass cover and 

adjacent land use, and as widely distributed as possible, were selected in each 

harbour. To analyse relationships between seagrass condition and environmental 

characteristics we chose a survey approach similar to one used in previous studies 

(Bradley and Stolt 2006, Matheson and Schwarz 2007). 
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Figure 3.1: Location of the two estuaries, Aotea harbour on the west coast and Tauranga 

harbour on the east coast of the North Island of New Zealand. The five sites in each harbour 

are indicated by the arrows. Grey lines within the land represent roads and infrastructure. 

3.2.2. Field surveys 

Surveys were performed during the austral summer period (December to 

February). At low tide, three parallel transects were laid from the shoreward to 

seaward edges of the seagrass meadows at each site. Transect lengths and distance 

between transects were scaled to the specific seagrass extent at each site; lengths from 

100 to 400 m and distance between transects from 25 to 100 m. Each of the three 

transects were divided into five equidistant sampling points where seagrass condition 

metrics and environmental parameters were measured. 

At each of the 15 sampling points within a site, the photosynthetic efficiency 

(Fv/Fm) of one seagrass leaf-blade was measured in-situ after a 10-minute dark 

acclimation period using a dark leaf-clip (DLC-8, Walz) attached to the centre of the 

leaf-blade with a submersible pulse amplitude modulated (PAM) fluorometer (Diving-

PAM, Walz). Seagrass cover was visually estimated within a 0.25 m
2
 quadrat. In this 
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quadrat, 5 randomly selected leaves were measured (length and width) and a core (8 

cm diameter × 10 cm length) sampled in the centre for analysis of seagrass biomass 

and sediment properties (described below).  Additionally, at the mid-point of each 

transect, 5 cores of sediment (6.5 cm diameter × 5 cm length) were sampled and 

pooled for herbicide analysis. All independent sediment samples (n = 3 per site) were 

transported to the laboratory in a cool-box. Adjacent to the mid-point of the middle 

transect a waterproof light logger (Onset Hobo pendant temp/light UA-002-08) was 

installed horizontally on a north-facing angled stake just above sediment surface to 

record intertidal light levels for one month at each site. Water depth at all mid and 

end-points of each transect was measured once at high tide in order to quantify the 

typical height of the water column above seagrass. The water depth values were 

corrected to account for the time of measurement relative to the average high tide 

level recorded for the harbour in that year.  

3.2.3. Laboratory analyses 

Seagrass collected from the cores was separated in the laboratory into above- and 

below-ground fractions and dried to constant weight in an oven (70°C for 48 h). Dry 

weight (DW) of the total, above- and below-ground biomass was determined and the 

root/shoot ratio (R/S) calculated. Five samples of seagrass above-ground material 

(from each point of the middle transect at each site) were finely-ground in a mortar 

and pestle and analysed for particulate nitrogen (PNsg) and particulate phosphorus 

(PPsg) contents (APHA 4500 N/P (mod)). 

Sediment collected from the seagrass biomass cores was analysed for particulate 

nitrogen (PNsed), after drying (at 60ºC for 48 h) and finely grinding samples, using a 

CHN analyser (Elementar Vario EL 111, Method 01-1090). Sediment water and 

organic matter (OM) contents were determined on oven-dried samples (105°C for 24 



Chapter 3 - Impact of anthropogenic contaminants on seagrass meadows 

 64 

h) and following loss on ignition in a muffle furnace (450°C for 4 h), respectively. 

Sediment silt and clay contents (< 63µm grain size) were measured using a particle 

size analyser (Galai, EyeTech model). Nutrient concentration was measured in the 

sediment porewater as this generally exhibits a lower temporal variability than the 

water column and seagrasses typically derive a large proportion of nutrients for 

growth from the sediment (Romero et al 2006). Sediment porewater was extracted 

following addition of deionised water (25 ml) by shaking (1 h, 60 rpm) and 

centrifuging (10 min, 3500 rpm) fresh samples (10 g), with overlying supernatant 

decanted and analysed for ammonium-N (NH4-N), nitrate-N (NO3-N), total dissolved 

phosphorus (TDP) and dissolved reactive phosphorus (DRP) via flow injection 

analysis (Lachat 1994). Nutrient concentrations were corrected for dilution associated 

with the addition of deionised water to samples.  

Core samples for herbicide analyses were stored in the dark at low temperature 

(around 4°C) for a maximum of 24 h before processing. Plant material was removed 

from each core, and remaining sediment was dried to constant weight in acetone-

cleaned glass bowls in an oven at 25°C. The sediment fraction passed through a 2 mm 

mesh was analysed for s-triazine, substituted urea and anilide concentrations without 

further fractioning as whole sediment (Devault et al 2007). Extraction from sediments 

was performed with an accelerated solvent extractor (Dionex, ASE 200) following the 

method described for soils and whole sediments (Concha-Graña et al 2004, Richter et 

al 1995). Chlorophyll co-extract was removed on a Florisil Sep-Pak cartridge 

according to Müller et al (2000). The extracts were analysed by gas chromatography 

coupled to a mass spectrometry detector (Thermo Finnigan, Trace DSQ) under 

splitless injection and Specific Ion Monitoring conditions (Devault et al 2007, Merlina 

et al 1994). 
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Catchment size and land use for each site were determined using a Geographic 

Information System (ESRI ArcGIS, Land Cover Database). Light logger data was 

converted from units of lux to photosynthetically available radiation (PAR) according 

to Thimijans and Heins (1983). In addition to evaluating the overall average 24 h 

intertidal light availability (Light All) experienced by the seagrass plants, we also 

evaluated average underwater light availability during the day at high tide only (Light 

Day HT) as a surrogate for water clarity and the exposed light availability during the 

day at low tide only (Light Day LT). 

3.2.4. Data analyses 

The software R 2.4.1 (A Language and Environment Copyright, 2006) and the 

ade4 package (Data Analysis functions to analyse Ecological and Environmental data 

in the framework of Euclidean Exploratory methods; Chessel et al 2004) were used 

for all statistical analyses. Some parameters were log10 or log10 (x + 1) transformed to 

meet the parametric testing assumptions of normality and variance homogeneity prior 

to analysis. For all parameters, average values obtained in Tauranga versus Aotea 

Harbours were compared using a Student‟s t-test. Significant differences (p < 0.05) 

for all parameters among sites within each harbour were explored with a one-way 

analysis of variance (ANOVA). Principal components analysis (PCA) of seagrass 

metrics and environmental parameters was used to examine spatial differences among 

and within the harbours. To detect any significant relationships between the 

environmental parameters and the plant metrics, bivariate linear regression analysis 

and multiple regression analysis were used. Each bivariate linear regression was 

plotted and on occasion removal of a single outlier value was warranted. From the 

significant (p < 0.05) bivariate linear regression, the p-value after removing the 

variability explained by the harbour (i.e. Aotea or Tauranga) was also calculated and 
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indicated. The dataset included a number of correlated explanatory variables and, to 

take into account this collinearity, multiple regression analyses were performed with 

all correlated variables included in the model, or with only sub-groups of them. The 

alternative models were compared and only the best one [with the smallest Akaike 

information criterion (AIC); i.e. explaining the highest proportion of variability with 

the least number of parameters] was presented.  

3.3. Results 

A number of the environmental parameters measured differed significantly between 

the two harbours (Table 3.1a). PCA of all explanatory variables yielded three 

components that explained 72 % of the variation in the environmental variables and 

this further emphasises the contrast between the two harbours (Fig. 3.2a). Aotea was 

characterised by a significantly higher overall 24 h light availability (Light All), day 

time light availability at high tide (Light Day HT) and at low tide  (Light Day LT), 

and sediment porewater TDP concentration compared to Tauranga (t-test, n = 5, p = 

0.04, p < 0.01, p = 0.03 and p < 0.01 respectively). Conversely, Tauranga was 

characterised by a significantly higher concentration of sediment herbicides, sediment 

OM and had a larger proportion of urban and crop land use in site subcatchments 

compared to Aotea (t-test, n = 5, p = 0.04, p < 0.01, p < 0.01 and p = 0.02 

respectively). Of the various herbicide compounds measured, trifluralin had the 

highest concentration among the anilides, as did cyanazine among the s-triazines and 

chlorotoluron among the substituted ureas (Table 3.2). PCA of all response variables 

yielded 3 components that explained 81 % of the variation in the seagrass metrics and 

the contrast between harbours was less visible (Fig. 3.2b). Only the root/shoot ratio 

and the concentration of particulate nitrogen in the seagrass leaves (PNsg) differed 
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significantly between the two harbours with the larger ratio and PNsg concentration in 

Aotea (t-test, n = 5, p = 0.03 and p = 0.045 respectively; Table 1b).  

Among the environmental parameters, some correlations were found (Table 3.3a)  

although a number of them were no longer significant after removing the variability 

explained by the harbour, probably due to the low level of variation of some 

parameters (i.e. sediment OM, urban and crop land use in subcatchments, see Table 

1a) between the sites of Aotea Harbour. Light availability was inversely correlated 

with sediment OM and to the proportions of urban and crop land use in 

subcatchments, at day time high tide (light Day HT) (r = -0.69 to -0.86, p = 0.003 to 

0.041), at day time low tide (Light Day LT) (r = -0.65 to -0.93, p = 0.001 to 0.043) 

and overall (Light All) (r = -0.77 to -0.87, p = 0.001 to 0.015; Table 3.3a). Porewater 

NO3-N was positively correlated with the proportions of urban and crop land use in 

subcatchments (r = 0.77, p = 0.010 and r = 0.90, p = 0.001 respectively). These results 

suggest that a higher proportion of crop land use in subcatchments may enrich the 

coastal water in NO3-N decreasing the light availability to seagrass.  

Simple linear regression analysis revealed that some of the environmental 

parameters were good predictors of the seagrass metrics (Table 3.3b).  Seagrass leaf 

length, width, and total, below- and above-ground biomass were positively correlated 

with sediment porewater NH4-N (r = 0.70 to 0.86, p = 0.002 to 0.062; Table 3b). 

Seagrass leaf length was also positively correlated with sediment porewater DRP (r = 

0.74, p = 0.023). The multitude of positive relationships found between the seagrass 

metrics and the sediment porewater NH4-N suggests that the environment in both 

harbours may be nitrogen-limited for plant growth. Seagrass cover was negatively 

correlated with the proportion of urban land use in the subcatchments (r = -0.73, p = 

0.025; Table 3.3b).  
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Table 3.1: Environmental (a) and seagrass (b) characteristics for sites in Tauranga and Aotea harbours. All values are means with the standard error 

(SE) in parentheses. For harbour averages (bold font) for each parameter values with the same letter are not significantly different between the two 

harbours at p > 0.05 (t-test, n = 5). For sites within a harbour for each parameter values with the same letter are not significantly different at p > 0.05 

(one-way ANOVA, n vary from 3 to 30 according to the parameter measured). 

 

(a) 

 

Sites 

Sediment 
 

Sediment porewater 

Herbicide 

μg kg
-1

 

Silt & Clay 

% 

OM 

% 

PartN 
μg g

-1
 

 NH4-N 
mg m

-3
 

NH4
+
 

μM 

NO3-N 
mg m

-3
 

NO3
+
 

μM 

DRP 
mg m

-3
 

TDP 
mg m

-3
 

Tauranga 
           

Bridgman Ln. 132 (58)
 a
 4.13 (0.26)

 b
 1.42 (0.06)

 a
 300 (20)

 a
  83141 (13419)

 bc
 5939 (958) 234 (94)

 a
 17 (7) 430 (122)

 a
 524 (86)

 b
 

Katikati 116 (46) 
a
 2.04 (0.27)

 a
 1.49 (0.20)

 a
 270 (20)

 a
  16919 (6804)

 a
 1208 (486) 10113 (6528)

 a
 722 (466) 201 (50)

 a
 247 (22)

 a
 

Omokoroa 98 (16)
 a
 2.70 (0.72)

 ab
 1.47 (0.11)

 a
 280 (60)

 a
  35340 (16387)

 ab
 2524 (1171) 7360 (1988)

 a
 526 (442) 340 (33)

 a
 335 (22)

 ab
 

Otumoetai 122 (29)
 a
 1.75 (0.09)

 a
 1.11 (0.12)

 a
 300 (20)

 a
  73031 (18981)

 abc
 5216 (1356) 25417 (16755)

 a
 1815 (1197) 389 (87)

 a
 418 (33)

 ab
 

Harvey st. 115 (420)
 a
 2.24 (0.17)

 a
 1.46 (0.10)

 a
 380 (20)

 a
  96534 (9836)

 c
 6895 (703) 164 (94)

 a
 12 (7) 213 (77)

 a
 328 (42)

 ab
 

Average (SE) 116 (5)
 b

 2.57 (0.42)
 a
 1.39 (0.07)

 b
 300 (20)

 a
 

 
60993 (14999)

 a
 4357 (1071)

 a
 8657 (4625)

 a
 618 (330)

 a
 314 (46)

 a
 371 (47)

 a
 

Aotea            

Aotea 1 118 (42)
 a
 1.56 (0.08)

 a
 0.89 (0.06)

 a
 300 (0)

 a
  45181 (11910)

 b
 3227 (851) 676 (490)

 a
 48 (35) 411 (81)

 b
 1008 (92)

 a
 

Aotea 2 109 (39)
 a
 1.76 (0.28)

 a
 1.20 (0.52)

 a
 400 (80)

 a
  25953 (3506)

 ab
 1854 (250) 103 (7)

 a
 7 (1) 211 (37)

 a
 863 (220)

 a
 

Aotea 3 69 (33)
 a
 1.59 (0.32)

 a
 0.72 (0.18)

 a
 280 (60)

 a
  16035 (3555)

 a
 1145 (254) 160 (42)

 a
 11 (3) 218 (22)

 a
 722 (49)

 a
 

Aotea 4 54 (6)
 a
 2.78 (0.15)

 a
 1.15 (0.06)

 a
 360 (20)

 a
  24807 (2658)

 ab
 1772 (190) 86 (19)

 a
 6 (1) 271 (34)

 ab
 688 (38)

 a
 

Aotea 5 52 (12)
 a
 2.75 (0.69)

 a
 1.00 (0.06)

 a
 300 (0)

 a
  17176 (2629)

 a
 1227 (188) 126 (20)

 a
 9 (1) 157 (25)

 a
 672 (62)

 a
 

Average (SE) 80 (14)
 a
 2.09 (0.28)

 a
 0.99 (0.09)

 a
 330 (20)

 a
 

 
25830 (5227)

 a
 1845 (373)

 a
 230 (112)

 a
 16 (8)

 a
 254 (43)

 a
 790 (64)

 b
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(a, continuation) 

 

Sites 

Water  Catchment land use 

Light HT  
μmol m

-2
s

-1
 

Light LT 

μmol m
-2

s
-1

 
Light All 

 μmol m
-2

s
-1

 

Depth 
cm 

 
Urban 

% 

Crop 

% 

Pasture

% 

Native 

% 

Tauranga          

Bridgman Ln. 244 (57)
 a
 1382 (241)

 a
 455 (39)

 a
 64 (10)

 a
  2.37 13.20 55.33 26.57 

Katikati 137 (30)
 a
 758 (197)

 a
 326 (40)

 a
 83 (8)

 a
  10.80 40.03 48.34 0.33 

Omokoroa 180 (25)
 a
 1066 (181)

 a
 355 (32)

 a
 35 (9)

 a
  12.24 20.25 61.92 4.11 

Otumoetai 360 (84)
 a
 1521 (242)

 a
 437 (40)

 a
 84 (8)

 a
  13.60 11.32 41.55 32.89 

Harvey St. 250 (57)
 a
 1570 (276)

 a
 465 (43)

 a
 81 (17)

 a
  9.37 12.18 44.23 32.50 

Average (SE) 235 (38) 
a
 1259 (153)

 a
 407 (28)

 a
 69 (9)

 a
  10 (2)

 b
 19 (5)

 b
 50 (4)

 a
 19 (7)

 a
 

Aotea          

Aotea 1 663 (76)
 b
 1667 (263)

 a
 748 (49)

 b
 101 (27)

 a
  0 5.03 82.51 0.92 

Aotea 2 417 (53)
 a
 1494 (250)

 a
 569 (46)

 ab
 118 (39)

 a
  0 0.45 63.33 35.68 

Aotea 3 393 (49)
 a
 1894 (269)

 a
 647 (45)

 ab
 105 (43)

 a
  0 0 15.04 83.74 

Aotea 4 392 (40)
 a
 1771 (285)

 a
 639 (53)

 ab
 76 (8)

 a
  0 0.09 53.24 46.15 

Aotea 5 246 (39)
 a
 1658 (266)

 a
 542 (40)

 a
 78 (24)

 a
  0 6.52 63.91 28.31 

Average (SE) 422 (67)
 b

 1697 (66)
 b

 629 (36)
b
 96 (8)

 a
  0 (0)

 a
 2 (1)

 a
 56 (11)

 a
 39 (13)

 a
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(b) 

 

Sites 

Seagrass  Seagrass leaves 
 

Seagrass biomass 

Cover 

% 
 

Photosynthetic 

efficiency  
Fv/Fm 

PN 
μg mg

-1
 

PP 
μg mg

-1
 

Length 
cm 

Width 

mm 

 
Total 
g m

-2
 

Root/Shoot  

 

Tauranga           

Bridgman Ln. 37 (7)
 ab

  0.604 (0.050)
 a
 16.22 (0.91)

 a
 1.80 (0.45)

 a
 57 (5)

 ab
 1.9 (0.2)

 ab
  136 (22)

 a
 6.2 (1)

 a
 

Katikati 19 (8)
 a
  0.727 (0.012)

 ab
 16.66 (1.47)

 a
 1.24 (0.13)

 a
 47 (3)

 a
 1.4 (0.1)

 a
  183 (56)

 a
 5.2 (1)

 a
 

Omokoroa 19 (6)
 a
  0.779 (0.006)

 b
 11.70 (1.49)

 a
 1.17 (0.13)

 a
 60 (3)

 ab
 1.9 (0.2)

 ab
  116 (32)

 a
 3.8 (1)

 a
 

Otumoetai 20 (9)
 a
  0.590 (0.073)

 ab
 15.36 (1.27)

 a
 1.55 (0.21)

 a
 55 (5)

 ab
 1.3 (0.1)

 a
  223 (63)

 a
 5.3 (2)

 a
 

Harvey st. 56 (7)
 b
  0.619 (0.046)

 a
 16.40 (1.03)

 a
 1.28 (0.10)

 a
 71 (7)

 b
 2.4 (0.2)

 b
  234 (33)

 a
 2.6 (0)

 a
 

Average (SE) 30 (7)
 a
  0.664 ( 0.038)

 a
 15.27 (0.92)

 a
 1.41 (0.12)

 a
 58 (4)

 a
 1.8 (0.2)

 a
 

 
178 (23)

 a
 4.6 (0.6)

 a
 

Aotea           

Aotea 1 31 (6)
 a
  0.398 (0.065)

 a
 20.06 (1.39)

 a
 0.75 (0.51)

 a
 54 (3)

 ab
 1.8 (0.2)

 a
  170 (38)

 a
 8 (2)

 a
 

Aotea 2 32 (6)
 a
  0.608 (0.042)

 bc
 15.28 (2.25)

 a
 1.28 (0.26)

 a
 49 (2)

 ab
 1.6 (0.1)

 a
  167 (33)

 a
 8.3 (3)

 a
 

Aotea 3 20 (6)
 a
  0.510 (0.069)

 ab
 18.04 (1.81)

 a
 0.58 (0.19)

 a
 41 (5)

 a
 1.6 (0.1)

 a
  83 (18)

 a
 9.7 (4)

 a
 

Aotea 4 33 (6)
 a
  0.761 (0.017)

 c
 18.16 (1.73)

 a
 1.22 (0.20)

 a
 55 (2)

 b
 1.8 (0.1)

 a
  155 (34)

 a
 4.4 (1)

 a
 

Aotea 5 36 (8)
 a
  0.654 (0.025)

 bc
 19.38 (1.34)

 a
 1.44 (0.18)

 a
 48 (4)

 ab
 1.6 (0.1)

 a
  126 (26)

 a
 13.2 (3)

 a
 

Average (SE) 31 (3)
 a
  0.586 (0.062)

 a
 18.18 (0.82)

 b
 1.06 (0.17)

 a
 50 (2)

 a
 1.7 (0.1)

 a
 

 
140 (16)

 a
 8.7 (1.4)

 b
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Table 3.2: Herbicide concentrations (μg kg
-1

) in the sediment for sites in Tauranga and Aotea Harbours
1
. Values for each site are means (n = 3) and 

values for each herbicide, sub-total group and overall total are not significantly different (p > 0.05) among sites in each harbours (one-way ANOVA). 

Average value for each group of herbicide are not significantly different (p > 0.05) between the two harbours (t-test, n = 5).
  

Herbicides 

Tauranga Harbour  Aotea Harbour  

Average Bridgman Ln. Katikati Omokoroa Otumoetai Harvey St.  Aotea 1 Aotea 2 Aotea 3 Aotea 4 Aotea 5  

Aclonifen 1.00 0.67 0.67 1.00 1.00  1.33 0 1.00 0.67 1.00 
 

0.83 

Alachlor 0.33 0.33 0.33 0.33 0.33  0 0.33 0.33 0.33 0.33  0.30 

Metazachlor - - - - -  - - - - -  - 

Metolacholor - - - - -  - - - - -  - 

Pendimethalin 0.67 1.00 1.33 1.00 0  0.33 0 0.33 0 0  0.47 

Trifluralin 8.00 3.67 3.00 2.00 3.67  3.00 5.33 2.00 1.00 1.67  3.33 

Sub-total anilides  10.00 5.67 5.33 4.33 5.00  4.67 5.67 3.67 2.00 3.00  4.93 

Average anilides ± SE 6.07 ± 1  3.80 ± 1   

Atrazine - - - - -  - - - - - 
 

- 

Cyanazine 73.67 56.67 37.33 40.00 49.33  62.33 46.33 0.33 3.67 0.33  37.00 

Desethylatrazine (DEA) 0.67 0.33 0 0 0.33  0 1.33 0.33 0 0  0.30 

Irgarol - - - - -  - - - - -  - 

Sebuthyl-azine 0 0 0.33 0 0  0 0.33 0 0 0  0.07 

Simazine - - - - -  - - - - -  - 

Terbuthyl-azine 0 0 0 0 0  0 1.33 0
 
 0 0  0.13 

Sub-total s-triazines 74.33 57.00 37.67 40.00 49.67  62.33 49.33 0.67 3.67 0.33  37.5 

Average s-triazines ± SE 51.73 ± 7  23.27 ± 13   

Chlorotoluron 24.33 20.33 21.00 25.67 16.67  27.67 26.33 28.00 45.67 44.33 
 

28.00 

Iso-proturon 0.50 0.33 0.33 0.67 0.67  0.33 0.33 0 0 0  0.32 

Linuron 1.33 2.67 6.33 3.67 1.67  1.33 1.33 0.67 1.33 1.00  2.13 

Metobromuron 14.00 20.67 12.67 15.67 16.67  8.33 16.33 1.00 1.67 2.00  10.90 

Metoxuron 7 9.67 14.33 32.33 24.00  13.33 9 35 0 1.40  14.61 

Monolinuron 0.33 0 0.33 0 0.33  0 0.33 0 0 0  0.13 

Sub-total sub. Ureas 47.49 59.67 54.99 78.01 60.01  50.99 53.65 64.67 48.67 48.73  56.09 

Average sub. Ureas ± SE 58.60 ± 5  53.35 ± 3   

Overall total 131.82 116.34 97.99 122.34 114.68  117.99 108.65 69.01 54.34 52.06 
  

1
-, under the detection limit. 



Chapter 3 - Impact of anthropogenic contaminants on seagrass meadows 

 72 

 

 

Figure 3.2: Results of two independent Principal Components Analyses (PCA) on 

environmental parameters (above) and seagrass metrics (below). Figures on the left side 

represent the axes 1 (explaining 44 and 43 % of the environmental and seagrass variability 

respectively) and 2 (explaining 16 and 20 % of the environmental and seagrass variability 

respectively) of the PCA and the right figures the axes 1 and 3 (explaining 13 and 18 % of the 

environmental and seagrass variability respectively). Sites within a same harbour are grouped 
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by the circular grey areas. Environmental parameters that differ significantly between the two 

harbours (t-test, n = 5, p < 0.05) are represented in bold.   

Table 3.3: Results of bivariate regression analyses (a) among the environmental parameters, 

and (b) relating seagrass metrics to environmental parameters. P values are calculated without 

accounting for the harbour effect (p) and after removing the variability explained by the 

harbour (i.e. Aotea or Tauranga) (p
2
).  

 

(a) 

Environmental 

parameter 
 

Environmental 

parameter 
n

1
 r F p p

2
 

        

Crop  Light Day HT 9 -0.86 20.30 0.003** 0.035* 

  Light Day LT 10 -0.93 51.73 0.001*** 0.002** 

  LightAll 10 -0.77 11.36 0.010** 0.320 

  NO3.N 9 0.90 30.14 0.001*** 0.005** 

        

Urban  Light Day HT 9 -0.69 6.25 0.041* 0.657 

  Light Day LT 10 -0.65 5.76 0.043* 0.687 

  LightAll 9 -0.87 25.03 0.001** 0.216 

  NO3.N 10 0.77 11.35 0.010** 0.033* 

        

OM  Light Day HT 10 -0.70 7.89 0.023* 0.270 

  Light Day LT 10 -0.77 11.54 0.009** 0.152 

  LightAll 10 -0.74 9.62 0.015* 0.646 

        

„*‟ p < 0.05; „**‟ p < 0.01; „***‟ p < 0.001. 
1
, when n = 9 one outlier has been removed.  

(b) 

Seagrass metric  
Environmental 

parameter 
n

1
 r F p p

2
 

        

Cover  Urban 9 -0.73 8.13 0.025* 0.031* 

        

Length  NH4.N 10 0.79 13.49 0.006** 0.040* 

  DRP 9 0.74 8.42 0.023* 0.069. 

        

Width  NH4.N 9 0.86 20.59 0.003** 0.009** 

        

Total biomass  NH4.N 9 0.70 6.64 0.037* 0.058. 

        

Below-ground biomass  NH4.N 9 0.64 4.94 0.062. 0.019* 

        

Above-ground biomass  NH4.N 9 0.75 29.41 0.002** 0.036* 

        

Photosynthetic efficiency  LightAll 10 -0.65 5.78 0.043* 0.027* 

  SiltClay 9 0.86 17.29 0.006** 0.011* 

  Sediment OM 10 0.65 5.80 0.043* 0.065. 

        

„.‟ p < 0.10; „*‟ p < 0.05; „**‟ p < 0.01; „***‟ p < 0.001. 
 1
, when n = 9 one outlier has been removed.  
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Seagrass photosynthetic efficiency (Fv/Fm) was positively correlated with silt/clay 

content and sediment OM (r = 0.86, p = 0.006 and r = 0.65, p = 0.043 respectively; 

Table 3.3b), and negatively correlated with overall light availability (Light All) (r = -

0.65, p = 0.043). 

The multiple regression analysis revealed only one further significant relationship 

(Table 3.4). Sediment OM, total herbicide concentration and sediment porewater 

NO3-N together were good predictors of Fv/Fm explaining 96 % of the variability in 

this metric. Sediment OM and total herbicide concentration together explained 88 % 

of the variability. We found a positive correlation between Fv/Fm and sediment OM 

and porewater NO3-N whereas the correlation was negative between Fv/Fm and the 

herbicide concentration suggesting a detrimental effect of herbicides on plant 

physiology. 

 

Table 3.4: Multiple regression results relating seagrass photosynthetic efficiency to 

environmental parameters; only the best model (i.e., explaining the highest variability with 

the lowest number of parameters) is presented.  

 

Seagrass metric × Predictor SumSq F value P value Variability (%) 

       

photosynthetic efficiency × Sediment OM 0.050 54.59 < 0.001*** 42 

  Herbicide 0.055 59.96 < 0.001*** 46 

  NO3-N 0.009 9.95 0.020* 8 

  residual 0.006    

       

„*‟ p < 0.05; „**‟ p < 0.01; „***‟ p < 0.001. 
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3.4. Discussion 

3.4.1. Effects of nutrients, light availability and sedimentation on seagrass 

condition 

 Nutrients for seagrass growth are available from both the sediment porewater and 

the water column (Harlin 1981, McRoy et al 1972, Short and McRoy 1984). Both 

NH4-N and NO3-N are used by seagrasses (Burkholder et al 2007), but NH4-N is 

usually the predominant form in sediment pore waters (Romero et al 2006) and the 

preferred inorganic nitrogen source (Alexandre et al 2010). In N-limited 

environments, N enrichment can increase seagrass growth (Agawin et al 1996, 

Bulthuis et al 1992, Lee and Dunton 1999, Udy and Dennison 1997) which is 

consistent with our results. We found that sediment pore water nitrogen concentration 

(NH4-N) was the parameter most strongly related to seagrass biomass and 

morphometry metrics, suggesting that Zostera muelleri growth in these two harbours 

may be regulated by N-availability. The average sediment pore water NH4-N 

concentrations found at sites in this study (1,145 to 6,895 μM) appear to be within 

growth-regulating range. Our pore water concentrations are higher than typical water 

column concentrations (Brun et al 2002, Burkholder et al 1992, Van Katwijk et al 

1997) but are of similar magnitude to pore water concentrations found in other 

intertidal sediments (up to ~7,000 μM; Hanson and Kristensen 1998, Hopkinson et al 

1999, Lohrer et al 2010, Murray et al 1978). Seagrass plants appear able to tolerate 

much higher nitrogen concentrations in sediment pore waters than in the water 

column. Nitrogen toxicity has been recorded at relatively low water column 

concentrations (16 μM, van Katwijk et al 1997, Brun et al 2002) whereas 

concentrations above 30,000 μM (10,000 μM NH4-N + 20,000 μM NO3-N) are 

required in sediment pore waters to induce detrimental effects on plant physiology 



Chapter 3 - Impact of anthropogenic contaminants on seagrass meadows 

 76 

(for Zostera marina; Peralta et al 2003). The nitrate plus ammonium concentrations in 

our sediment pore waters were generally well below this threshold. The ability of 

roots to tolerate higher N concentrations than leaves in the external media has 

previously been documented (Peralta et al 2003, van Katwijk et al 1997). This is 

attributed to (1) the NH4-N uptake rate being lower via roots than leaves, and roots 

being better able to regulate nitrogen uptake (e.g. via reduction of root hairs); (2) 

generally lower pH levels in sediment compared to the water column, lowering NH4-

N uptake rates; and (3) release of oxygen from plant roots facilitating nitrification and 

lowering NH4-N concentrations in the immediate vicinity of roots (van Katwijk et al 

1997).   

Nutrient enrichment in coastal waters is often attributed to developed land use and 

increased terrestrial runoff (Kemp et al 1983, Vitousek et al 1997). In this study, 

higher porewater NO3-N concentrations were associated with a greater proportion of 

urban and crop land use in subcatchments. Both urban and crop land use were 

inversely correlated with day time light availability at high tide (Light Day HT). This 

suggests that urban and crop land use may have indirect detrimental effects on light 

availability at high tide by contributing to NO3-N enrichment, and thus presumably to 

the stimulation of phytoplankton growth. We found that urban land use in 

subcatchments was negatively correlated with seagrass cover. However, since cover is 

only a visual representation of the area colonized by seagrass leaves and does not 

account for below-ground parts or any layering of seagrass leaves, it is probably a less 

reliable measure of seagrass abundance than the other metrics measured in this study 

(e.g. biomass). Seagrass biomass was not correlated with urban land use in 

subcatchments therefore indicating no clear detrimental impact of urbanisation on 

seagrass abundance. 
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In terms of plant physiology (specifically photosynthetic efficiency, Fv/Fm), light 

availability, sediment organic matter content, total herbicide and porewater nitrate 

concentration were the best predictors of this metric. As an intertidal species, Z. 

muelleri is exposed to high irradiation at low tide. The day time light availability at 

low tide measured in this study (~1300 and ~1700 μmol m
-2 

s
-1 

for Tauranga and 

Aotea Harbours, respectively) is well above light-saturating levels for this species (> 

350 μmol m
-2 

s
-1

) and also above levels considered photo-inhibitory (~1100 μmol m
-2 

s
-1

) (Flanigan and Critchley 1996). When plants were fully submerged during the day 

at high tide they received on average ~240 and ~420 μmol m
-2 

s
-1 

for Tauranga and 

Aotea Harbours, respectively. This suggests that the plants at most sites, particularly 

in Aotea Harbour, have an adequate, and often over-, supply of light, especially when 

exposed. Thus, under these circumstances, factors that reduce excess light supply may 

benefit the plant. Interestingly, it was found that the Z. muelleri photosynthetic 

efficiency increased as sediment organic matter contents, silt/clay contents and 

porewater NO3
-
 concentrations increased. Dissolved and particulate organic carbon 

and humic substances, as well as inorganic particulate substances and suspended 

organisms, are known to be absorbers of solar radiation in waters (Arts et al 2000). If 

we assume that the quantity of sediment organic matter, silt/clay and NO3
-
 also 

reflects the abundance of these compounds in the overlying water, then these particles 

either suspended in the water, deposited on plant leaves or as stimulants for algal 

growth, presumably play a role in excess light absorption and mitigation of photo-

inhibition effects.  
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3.4.2. Herbicide effects 

In this study we found a negative relationship between the photosynthetic 

efficiency of the plant (Fv/Fm) and sediment total herbicide concentration which 

suggests that herbicide contamination has a detrimental impact on seagrass 

physiological performance. This relationship only appears once the effect of sediment 

OM has been controlled by using this parameter as a covariate in multiple regression 

analysis. Herbicide compounds are known to be bound to particles of OM through 

their lipophilicity (Shea 1989) and thus, highly organic sediments may reduce plant 

exposure to herbicides.  

In the present study, herbicide components found in the sediment were s-triazines, 

substituted ureas and anilides. In other estuarine habitats in Australia, China and 

Europe, s-triazines molecules such as Irgarol 1051 and atrazine have been detected in 

waters and/or sediments (Gough et al 1994, Lam et al 2005, Readmand et al 1993, 

Scarlett et al 1997, 1999, Tolosa et al 1996, Zhang et al 2008, Zhou et al 1996). Also, 

the substituted urea diuron was detected in sediments, coastal waters and seagrass in 

Australia (Haynes et al 2000, McMahon et al 2005). In our study, Irgarol and atrazine 

molecules were not detected in the sediment and diuron was not measured; however 

the presence of anilides and other substituted ureas and s-triazines molecules indicates 

some contamination of seagrass habitats in New Zealand, particularly in estuaries 

with more developed catchments (e.g. Tauranga Harbour). 

Cyanazine was present in the highest concentration compared to all other s-

triazines compounds measured (37 μg kg
-1

). To our knowledge this compound has not 

previously been detected in seagrass habitats. This compound is used as an herbicide 

in various crop cultures (beans, cereal grains, onions, peas, potatoes, pulses, sweet 

corn), which could explain its presence in Tauranga Harbour where there is a 
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moderately high abundance of crop land use (19 % of catchment). Of the various 

substituted ureas measured in this study we detected high concentrations of 

chlorotoluron in the sediment. This compound is used for weed control in carrot, 

parsnip, and wheat cultivation, and has not been recorded previously in estuarine 

sediments although it was present in higher concentrations in this study (28 μg kg
-1

) 

compared to other substituted ureas such as the diuron detected in Australian estuarine 

sediments (from 0.1 to 10.1 μg kg
-1

; Haynes et al 2000, McMahon et al 2005).  

Anilides in sediment have previously been measured in European freshwater river 

sediments where the compounds metolachlor and metazachlor were found in high 

concentrations (up to 680 and 910 μg kg
-1

 respectively; Devault et al 2007). In our 

study these compounds were not detected and only minimal concentrations of other 

anilides as nitro derivatives were found compared to s-triazines and substituted ureas. 

Among them, trifluralin was found in the highest concentrations (3.33 μg kg
-1

). 

Trifluralin is an herbicide widely used (especially in the United States) to prevent root 

development of weeds through interruption of mitosis. Rapid degradation of this 

molecule in aquatic systems minimizes its risk to seagrass and to other aquatic 

macrophytes. Nevertheless regular input through water runoff of trifluralin may pose 

a threat to aquatic plant communities (Yockim et al 1980).  

To our knowledge, the sediment concentrations above which the predominant 

herbicide compounds found in this study (cyanazine, trifluralin and chlorotoluron) 

detrimentally affect seagrass have not yet been determined. Based on our results, 

seagrass photosynthetic efficiency is reduced in the cumulative presence of these 

herbicides. However, no relationships were found between herbicide concentrations 

and other seagrass condition metrics (cover, biomass and morphometry). This 

suggests that the higher levels of herbicide contamination detected in this study (up to 
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a total of 132 μg kg
-1

) have a detrimental effect on seagrass physiology, reducing 

Fv/Fm values from 0.78 (excellent condition) down to 0.40 (severe strain) 

(Mohammed et al 2003), but do not affect the overall abundance of seagrass. 

Although clear differences in contaminant stress were observable between the two 

harbours, with generally higher levels of contamination evident for Tauranga (higher 

sediment herbicide and organic matter concentration, higher proportions of developed 

land use and lower light availability), no large distinction among the seagrass 

parameters measured was detected between the two harbours. Our study results 

therefore do not provide conclusive evidence that these contaminants have contributed 

to the historical decline of seagrass meadows in Tauranga harbour. However, our 

findings do demonstrate that anthropogenic activities can contaminate estuarine 

waters and sediments to the potential detriment of seagrass meadow condition. 
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Chapter 4 
 

Seagrass resilience to waterfowl grazing at sites 

differing in anthropogenic contaminants and other 

environmental characteristics  

 

Black swan grazing at Katikati site, Tauranga Harbour
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4. Seagrass resilience to waterfowl grazing at sites 

differing in anthropogenic contaminants and 

other environmental characteristics 

 

 

4.1. Introduction 

Plant-herbivore interactions play a major role in the structure and functioning of 

terrestrial, freshwater and marine systems (Crawley 1983). Damage caused by 

herbivores can vary according to species and population size, the frequency of 

grazing, and the parts of the plant that are removed. The effects of herbivory can 

therefore range from minor changes in plant cover to formation of gaps to complete 

destruction of the plant habitat (Crawley 1983). The selective foraging behaviour of 

various herbivore species disturbs the structure of plant habitats in different ways. For 

instance, large herbivores (e.g., elephants, dugongs) often remove whole plants while 

smaller herbivores (e.g., caterpillars, fish, sea urchins) often remove only leaf material 

(Crawley 1983, Lodge 1991, Preen 1995, Pamo and Chamba 2001, Alcoverro and 

Mariani 2002). Leaf removal causes loss of vital photosynthetic material which 

directly impacts the growth rate of the plant (Rosenthal and Kotanen 1994, Honkanen 

et al 1999, Millard et al 2001). Root and rhizome removal weakens plant physical 

structure and reduces capacity for nutrient uptake (Crawley 1983, Grayston et al 

2001). Herbivory can also damage the foliar and basal meristems (i.e., the locations 

where growth is initiated), which may impede plant regeneration affecting recovery 

dynamics (Rivers and Short 2007). 
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After grazing, plant recovery can occur via in-growth from the edge of the grazed 

area, elongation of remaining rhizomes and roots and/or germination of seeds. The 

existence of grazing refuges (parts of the habitat undisturbed by herbivory) may 

facilitate the regeneration of grazed areas (Preen 1995, Milchunas and Noy-Meir 

2002) by providing new propagules for recolonisation and/or functioning as a 

propagule bank (Kalamees and Zobel 2002, Santamaría and Rodríguez-Gironés 

2002). Mechanisms of compensation also play an important role in recovery from 

herbivory. For instance, increases in relative growth rates or enhancement of seed 

production have been observed in response to grazing (McNaughton 1983, Zieman et 

al 1984, Belsky 1986, Richards 1993, Valentine et al 1997, Moran and Bjorndal 

2007). Energy stores (e.g., nitrogen reserves) in plant below-ground organs may also 

be important for some plant species to regenerate from herbivory (Vergés et al 2008, 

Cherry and Gough 2009).  

In many instances natural grazer and plant populations have evolved together and 

can readily coexist (Breedlove and Ehrlich 1968). However, under unusual intense 

grazing pressure (e.g., due to an unprecedented increase in the grazer population or 

the introduction/ invasion of a new herbivore species), impacts can be long-lasting or 

even permanent. In terrestrial forests, the introduction of mammal herbivores has been 

shown to greatly reduce the seedling abundance of dominant tree species which, in the 

longer term, can hinder the natural forest regeneration process (Vázquez 2002). In 

seagrass ecosystems, atypical intensive grazing (> 80 % removal of plant cover) due 

to an increase in the migrating waterfowl population has been shown to hinder plant 

recovery in subsequent growing seasons (Rivers and Short 2007).  

Globally, plant communities are increasingly affected by anthropogenic activities 

which can adversely affect plant condition and may reduce plant resilience to 
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herbivore damage. Examples include air pollution and acid rain that cause lesions and 

damage to leaf surfaces of terrestrial and fresh water plants (Cape 1993, Liken et al 

1996, Larssen et al 2006) and pesticides and herbicides leached from agricultural or 

urban land that detrimentally affect the growth systems of non-target plants, such as 

aquatic macrophytes (Courtris el al 2011). Another pervasive influence on the 

condition of aquatic plant communities in waters adjacent to areas of developed land 

use is contamination with fine sediment and nutrient runoff which leads to smothering 

of plants, algal blooms and reduced light availability for growth (Lotze et al 2006).  

Within the marine environment, seagrasses constitute one of the most productive 

ecosystems, providing habitat for many organisms and threatened species and 

supporting a wide range of herbivores that vary in size from small invertebrates (e.g., 

sea urchins) to large mammals (e.g., dugongs) (Green and Short 2003). Unfortunately, 

seagrass decline has been reported in many parts of the world (Short and Willie-

Echeverria 1996, Waycott et al 2009). Anthropogenic contaminants are postulated to 

detrimentally disturb this ecosystem via nutrient over-enrichment, (eutrophication) 

causing algal blooms, and via sedimentation, both of which decrease light availability 

for seagrasses, and via other contaminants, such as herbicides, that are directly 

harmful to seagrass physiological systems (Lotze et al 2006). While in some instances 

seagrass meadows may be impacted by only one of these contaminant stressors (see 

Burkholer et al 2007), in many cases all of these stressors are linked, typically being 

leached from developed land use, and operate simultaneously. Thus, the interactive 

effect of these multiple contaminant stressors, combined with the additional impact of 

grazer populations, may exacerbate and cause long-lasting damage to seagrass 

meadows. However, only a limited number of studies have attempted to assess the 

impact of multiple stressors on seagrass meadows (Ibarra-Obando et al 2004, Eklöf et 
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al 2009). These studies indicate that seagrass is more sensitive to light and nutrient 

limitation than to grazing. However, Eklöf et al (2009) suggested that seagrass already 

exposed to poor light availability (resulting from experimental shading) may have its 

resilience to grazing reduced.  

In New Zealand, black swan grazing on temperate seagrass (Zostera muelleri 

Irmisch ex Asch. (Zosteraceae)) meadows results in the formation of devegetated 

patches (~ 0.28 m
2
) where a high proportion of seagrass biomass is removed (99 % of 

rhizomes and 92 % of leaves, Chapter 2). By creating devegetated patches swans can 

make plants on the edge of these patches more vulnerable to erosive forces (Fonseca 

and Bell 1998), thus potentially facilitating expansion of the grazing scars and 

destabilisation of the meadow structure. To date, no study had assessed whether 

devegetated patches resulting from grazing are subject to expansion and so this 

warrants further consideration. Where grazing pressure is high, and with a high 

proportion of regenerative organs removed within grazing scars, annual recovery of 

meadows from grazing appears to be hindered (Chapter 2), as has also been observed 

for Canada geese grazing on Zostera marina meadows in the USA (Rivers and Short 

2007). Zostera muelleri is the sole seagrass species in New Zealand (Jacobs et al. 

2006, Jones et al 2008) and its decline has been documented in estuaries throughout 

the country (Park 1999, Inglis 2003, Reed et al 2004). In some locations, grazing by 

black swans together with anthropogenic sedimentation and eutrophication (Park 

1999, Inglis 2003) are postulated as factors responsible for this decline (Park 1999). 

Evaluating how black swan grazing together with other environmental stressors can 

affect seagrass meadow condition and resilience is essential to better understand these 

disturbance effects and the recovery dynamics of these meadows. 
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In this study, I simulated, in situ, black swan grazing at four contrasting sites in 

Tauranga harbour that differed in environmental characteristics and exposure to 

potential anthropogenic contaminants (see Chapter 3). The black swan population in 

the harbour has steadily increased in recent decades (from 1900 to 5100 birds in mid-

summer between 1979 and 2010; Eastern Region Fish and Game Council, 

unpublished data). I hypothesised that seagrass resilience to, and recovery from, 

grazing would vary among sites due to their differences in exposure to contaminant 

levels. To test this hypothesis, I simulated high and low grazing intensity in late 

summer, the period of peak swan grazing pressure, and monitored the regeneration of 

the simulated grazed patches for a year at the four sites. I also monitored a wider area 

surrounding each grazed patch to determine whether patch formation affected the 

integrity of the adjacent meadow area, making it more vulnerable to disturbance from 

erosive forces (i.e., from currents and wave wash). 

4.2. Materials and methods 

4.2.1. Study sites 

The study was carried out in Tauranga harbour (Latitude: -37° 41' 7.1298", 

Longitude: 176° 9' 58.0134") located on the east coast on the North Island of New 

Zealand (Fig. 4.1). Tauranga harbour has a surface area of 201 km
2
 and the seagrass 

meadows cover 29.33 km
2
, representing 15% of the harbour (Park 1999). Four sites 

spread throughout the harbour were chosen. The sites differed in exposure to potential 

contaminants, environmental characteristics and swan grazing pressure (see Fig. 4.2, 

Chapters 2 and 3). Bridgman Ln. site has higher sediment herbicide levels, silt and 

clay contents, porewater P concentrations and higher swan numbers than all other 

sites. Harvey St. site has higher sediment total N and porewater NH4-N levels, higher 
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light availability and a higher proportion of the catchment in native land use compared 

to the other sites. Katikati and Omokoroa sites have higher sediment organic matter 

levels, higher porewater NO3-N levels and a higher proportion of the catchment in 

crop and urban land use relative to the other sites. The experiment was performed on 

the intertidal seagrass, Zostera muelleri, and was set up in February (late summer) 

2009 with monitoring occurring monthly for a year until February 2010. 

 

 

Figure 4.1: Location of the four study sites in Tauranga harbour, North Island, New Zealand. 
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Figure 4.2: Principal components analyses (PCA) on environmental and potential 

contaminant parameters in Tauranga harbour (from Chapter 2). The PCA yields two 

components that explain 88 % of the variation in the environmental variables measured (axes 

1 and 2 expressing 60 and 28 % of the environmental variability respectively). Sites are 

grouped by the circular grey areas (“BRI” Bridgman Ln. “HAR” Harvey St., “OMO” 

Omokoroa and “KAT” Katikati sites). “Native”, “Urban”, “Crop” and “Pasture” is the type of 

the land-use, expressed as the % of the catchment area. “Light” is the overall average 

intertidal light availability to seagrass. “PartN” (particulate nitrogen), “OM” (organic matter), 

“SiltClay” (silt and clay content) and “Herbicide residues” were measured in the sediment. 

“NH4-N” (ammonium-N), “NO3-N” (nitrate-N), “TDP” (total dissolved phosphorus) and 

“DRP” (dissolved reactive phosphorus) were measured in the sediment pore-water (Chapter 

3). “Swan” represents the annual average number of swans (Chapter 2). 

 

4.2.2. Grazing simulation experiment 

A block experimental design was used to assess the effects of two grazing 

scenarios. At each site, 6 blocks were randomly chosen within the seagrass meadow 

and marked with a wooden stake. At each of the 6 blocks, 4 × 0.25 m
2
 square plots, 

representing 2 different grazing treatments, one control, and one initial (to define 
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initial seagrass characteristics) were marked out with small coloured marker pegs at a 

distance of 3 m around the stake and equidistant from each other. The size of the 

experimental plots (0.25 m
2
) was similar to the average scar size created by black 

swan grazing (0.28 m
2
, Chapter 2). The four plot types represented (1) high grazing 

intensity simulation plots where ~100 % of seagrass above and below-ground biomass 

was removed (corresponding to the most common grazing behaviour observed, see 

Chapter 2), (2) low grazing intensity simulation plots where ~40 % of seagrass 

biomass was removed (the 0.25 m
2
 quadrat was divided into 25 squares among which 

the seagrass content of 10 squares (0.01 m
2
) randomly selected was removed; 

(corresponding approximately to a second type of grazing behaviour observed when 

swans were subject to intermittent disturbance, see Chapter 2), (3) a non-treated 

control plots where 0 % of the seagrass biomass was removed, and (4) non-treated 

initial plots where seagrass biomass was destructively sampled and leaf size was 

measured prior to the simulation (these plots were not used any further).  

The percentage cover of seagrass in each plot was estimated prior to and 

immediately after grazing treatments (February 2009) and at monthly intervals 

thereafter for one year (post-grazing February 2009 to February 2010). To examine 

the possibility of subsequent expansion of the devegetated plots following grazing 

simulation due to erosive forces, the % cover of a larger area (0.75 m
2
) surrounding 

each plot was also monitored. Cover estimation was performed by laying a 0.25 m
2
 

quadrat over each plot then a larger 1m
2
 quadrat over this, with the plot in the centre 

of this area. Using a step ladder a photograph was taken from above and the seagrass 

cover of the plot and the surrounding area (not including the plot) was determined 

after laboratory analysis. On a computer, a 10 × 10 square grid was overlain on each 

quadrat area (0.25 and 1m
2
)  and the number of squares with more than 50 % cover of 
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seagrass were counted and summed to provide an estimate of seagrass cover. To 

estimate the percentage cover of the surrounding area only (as, 0.75m
2
) the following 

formula was applied: 

   
75

25*100* pt

s

aa
a


  

Where at is the cover of the 1 m
2
 quadrat and ap the cover of the 0.25 m

2
 quadrat. 

Seagrass biomass of plots was measured at the start (February 2009, in initial plots 

only) and end of the experiment (February 2010, in both grazed (high and low 

intensity) and control plots). Two cores (8 cm diameter × 10 cm length), one from the 

middle and one from the edge of each 0.25 m
2 

plot, were sampled to determine the dry 

weight (DW, 70°C for 48 h) of total, above and below-ground biomass. I sampled 

cores at the middle and edge of the plots to examine the possibility of unequal 

recolonisation of seagrass across the plot area. From the fresh above-ground biomass, 

the size (length and width) of 5 randomly selected seagrass leaves was measured with 

a vernier caliper (Promark® 150 mm). For the high grazing intensity plots I calculated 

the net regeneration rate (g m
-2

 day
-1

) of the biomass (total, below and above) over the 

experimental period and the % of seagrass biomass that recovered relative to the 

control plots. 

4.2.3. Data analyses 

Statistica Version 8 (StatSoft, Inc. Oklahoma, USA) was used for all statistical 

analyses. Data were log (x+1) transformed to conform to normality and homogeneity 

of variance where necessary. 

Analyses of seagrass cover were done separately for the 0.25 m
2
 simulation plots 

and for the larger 0.75 m
2
 areas surrounding them. I applied Repeated Measures 

ANOVA, and post-hoc Tukey HSD multiple comparison tests if applicable, to test for 
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(1) significant differences (p < 0.05) in seagrass cover for all plots (treatment and 

control) between the beginning (February 2009, post-grazing) and the end (February 

2010, a year after grazing) of the experiment, where site, year and interactive effects 

of these two factors were tested; and (2) to better quantify the timing of potential 

recovery, significant differences (p < 0.05) in the monthly seagrass cover were 

explored where site, month, grazing treatment and interactive effects were tested. 

I applied factorial ANOVA and Post-hoc Tukey HSD multiple comparison tests if 

applicable to (1) detect any natural significant (p < 0.05) variation (i.e., not due to the 

grazing treatment) in seagrass biomass (total, above and below-ground) and leaf size 

(length and width), between the initial (February 2009) and control plots (February 

2010), related to site, core sampling location (middle or edge), year and interactive 

effects; and to (2) test whether the seagrass biomass (total, above and below-ground) 

and the leaf size (length and width) measured at the end of the experiment (February 

2010) were influenced by site, core sampling location (middle or edge), grazing 

simulation treatment and the interactive effects. I used the student t-test to detect any 

significant difference (p < 0.05) in the % recovery and regeneration rate of above-

ground versus below-ground biomass. 

4.3. Results 

4.3.1. Seagrass cover 

Significant changes in the seagrass cover of control plots over the course of the 

experiment were not detected at most sites, except for Bridgman Ln., where cover 

decreased significantly (by 58 %) from February 2009 (pre-grazing) to February 2010 

(Repeated measures ANOVA, time × site effect p = 0.048, Tukey HSD test, p < 0.05; 

Table 4.1 and Fig. 4.3). Seagrass cover in high grazing intensity plots was 
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significantly lower than control plots at all sites from February 2009 (immediately 

following grazing) to September 2009 (Repeated measures  ANOVA, month × 

treatment effect, p < 0.001, Tukey HSD test, p < 0.01; Table 4.1 and Fig. 4.3). From 

October 2009, (i.e., 9 months after grazing simulation) to the end of the experiment 

(February 2010), no significant differences in seagrass cover were found between the 

high grazing intensity plots and control plots at all sites (Tukey HSD test, p > 0.05) 

indicating that the cover of the high grazing intensity plots had been restored to the 

level of the controls within 9 months. Seagrass cover in low grazing intensity plots 

was not significantly different than control plots from February 2009 (post-grazing) to 

the end of the experiment (Tukey HSD test, p > 0.10) at all sites. Analyses of the 

monthly cover of the high grazing intensity plots indicated gradual regeneration from 

the edge of the plot suggesting recovery predominantly by vegetative spread as 

opposed to any seed germination. 

The percentage cover of the areas surrounding all plots (control, high and low 

grazing intensity) was significantly lower in February 2010 (one year after grazing) 

than in February 2009 (post-grazing) (Repeated measures ANOVA, year effect p = 

0.004, Tukey HSD test, p < 0.05; Table 4.1 and Fig. 4.3) and was significantly lower 

for Bridgman Ln. and Omokoroa sites compared to Katikati and Harvey St. sites 

(Repeated measures ANOVA, treatment × site effect p = 0.040, Tukey HSD test, p < 

0.05). No significant differences were detected among treatments for the monthly 

covers of the areas surrounding the experimental plots (Repeated measures ANOVA, 

treatment effect, p = 0.643, month × treatment effect, p = 1; Table 4.1 and Fig. 4.3). 
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Table 4.1: Results of repeated measures ANOVA on seagrass cover of the experimental plots 

and surrounding areas that compare (1) cover in February 2009 (immediately post-grazing) to 

cover in February 2010 (a year after grazing) of each treatment, and (2) the monthly cover 

measurements from February 2009 to February 2010. P-values in bold indicate significant 

effects. 

 

 

 

 
Experimental plots  Surrounding areas 

Effects  df F p-value  df F p-value 

(1) Cover         

Year  3 43.73 <0.001  3 5.26 0.004 

Site  9 3.38 0.001  9 1.59 0.134 

Year × Site  9 2.01 0.048  9 1.67 0.328 

         

(2) Cover         

Treatment  2 177.50 <0.001  2 0.40 0.643 

Site  3 112.70 <0.001  3 100.4 <0.001 

Month  12 5.5 <0.001  12 7.10 <0.001 

Treatment × Site  6 3.50 0.002  6 2.20 0.040 

Treatment × Month  24 6.00 <0.001  24 0.30 1 

Site × Month  36 3.50 <0.001  36 3.10 <0.001 

Treatment × Site × Month  72 0.00 1  72 0.20 1 
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Figure 4.3: Monthly seagrass cover pre- (February 2009) and post- (February 2009 to 

February 2010) grazing simulation for the different experimental treatment plots and the 

surrounding areas for each site. The short dashed line represents the cover of the high grazing 

intensity plots, the long dashed line represents the cover of the low grazing intensity plots, the 

solid line represents the cover of the control plots and the vertical dashed line indicates the 

time when the grazing simulation occurred. Error bars indicate 1 SE of mean values. 
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4.3.2. Seagrass biomass 

The total, below- and above-ground biomass in control plots at most sites were not 

significantly different in February 2010 than in initial plots sampled in February 2009. 

The only exception was the Bridgman Ln. site where the biomass was 65 % lower in 

February 2010 (Three-way ANOVA, year, site and year × site effect: p = 0.003, p = 

0.012 and p = 0.001 respectively, Tukey HSD test, p < 0.001; Table 4.2 and Fig. 4.4).  

The total, below- and above-ground biomass measured in the high grazing 

intensity plots in February 2010 (one year post-grazing) was significantly lower (by 

70, 73 and 55 % respectively) than in the control plots measured at the same time 

(three-way ANOVA, treatment effect: p = 0.003, p = 0.005 and p = 0.003 

respectively, Tukey HSD test, p < 0.01; Table 4.2 and Fig. 4.4) but the above-, below-

ground and total biomass of low grazing intensity plots did not differ significantly 

from controls. In the high intensity grazing plots, regeneration of above-ground 

biomass (45 ± 4 %) relative to the control plots, was significantly higher than 

regeneration of below-ground biomass (27 ± 4 %) (t-test, p = 0.006, n = 4). The 

average net regeneration rate of above-ground biomass (0.12 ± 0.04 g m
-2

 day
-1

) was 

lower than that of the below-ground biomass (0.22 ± 0.10 g m
-2

 day
-1

) although they 

were not significantly different (t-test, p = 0.27, n = 4). On average for the four sites, 

30 % of the total biomass recovered within a year and at a net regeneration rate of 

0.34 g m
-2

 day
-1

. The below- and above-ground biomass measured in all plots at 

Bridgman Ln. site a year after the grazing simulation was significantly lower than in 

Katikati and Harvey St. sites but not the Omokoroa site (three-way ANOVA site 

effect: p < 0.001 for both below- and above-ground biomass, Tukey HSD test, p < 

0.05), and was lower than all other sites for total biomass (three-way ANOVA site 

effect: p < 0.01, Tukey HSD test p < 0.001). Overall, at Bridgman Ln. site, a 
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significant decrease in biomass (total, below and above) from the beginning (pre-

grazing) to the end of the experiment was observable.  

I detected no differences in the total, above- and below-ground biomass of cores 

collected in the middle of plots versus those at the edge of plots amongst grazing 

treatments, sites, or time of sampling (see Table 4.2). 

 

 

Figure 4.4: Seagrass biomass prior to the 

grazing simulation (initial) and one year after 

grazing simulation for the different 

experimental treatment plots (control, high 

(High Gr.) and low (Low Gr.) grazing 

intensity) for each site. Black columns 

represent the below-ground biomass, grey 

columns the above-ground biomass width 

and the vertical dashed line indicates the time 

when the grazing simulation occurred. Error 

bars indicate 1 SE of mean values. 
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Table 4.2: Results of (1) a three-way ANOVA of seagrass biomass (total, below and above-ground) of the initial plots in February 2009 

compared to control plots in February 2010, and (2) a three-way ANOVA of biomass (total, below and above-ground) among grazing 

treatments one year after grazing simulation (February 2010). P-values in bold indicate significant effects.  

 

 

 
Total biomass  Below-ground biomass  Above-ground biomass 

Effects  df F p-value  df F p-value  df F p-value 

(1) Biomass             

Year  1 11.03 0.001  1 9.50 0.003  1 13.20 0.001 

Site  3 9.54 <0.001  3 8.25 <0.001  3 13.45 <0.001 

Location  1 0.05 0.816  1 0.05 0.816  1 0.12 0.734 

Year × Site  3 5.09 0.003  3 3.94 0.012  3 6.55 0.001 

Year × Location  1 0.09 0.767  1 0.12 0.736  1 0.00 0.978 

Site × Location  3 0.02 0.997  3 0.03 0.994  3 0.09 0.964 

Year × Site × Location  3 0.25 0.864  3 0.51 0.676  3 0.03 0.994 

(2) Biomass 

            

Treatment  2 6.14 0.003  2 5.68 0.005  2 6.07 0.003 

Site  3 10.48 <0.001  3 7.59 <0.001  3 18.73 <0.001 

Location  1 1.89 0.173  1 2.27 0.136  1 0.54 0.465 

Treatment × Site  6 0.73 0.623  6 1.03 0.413  6 0.37 0.897 

Treatment × Location  2 2.62 0.079  2 2.35 0.102  2 2.30 0.107 

Location × Site  3 0.10 0.962  3 0.27 0.845  3 0.04 0.991 

Treatment × Site × Location  6 0.18 0.983  6 0.30 0.932  6 0.13 0.992 
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4.3.3. Seagrass leaf size 

There were no significant differences in seagrass leaf length and width between 

initial plots measured in February 2009 and control plots measured in February 2010 

(three-way ANOVA, year effect: p = 0.4 and p = 0.6 respectively; Table 4.3 and Fig. 

4.5). Results show a significant site × year effect in seagrass leaf length for the control 

plot in February 2010 versus initial plots in February 2009 (three-way ANOVA, site × 

year effect: p = 0.022), although the Tukey HSD post-hoc testing did not detect any 

further significant differences (p > 0.05).  

Seagrass leaf length measured in control and initial plots was smaller at Bridgman 

Ln. site compared to Harvey St. site only (three-way ANOVA, site effect: p < 0.001, 

Tukey HSD test, p < 0.001), although seagrass leaf width measured in these plots was 

smaller at Bridgman Ln. compared to all other sites (three-way ANOVA, site effect: p 

< 0.001, Tukey HSD test, p < 0.05).  

Three-way ANOVA detected a significant grazing treatment effect on seagrass 

leaf size (length and width) (p = 0.040 and p = 0.035 respectively; Table 4.3 and Fig 

4.5), but further post-hoc testing did not substantiate this effect (p > 0.05). However 

there were significant differences in seagrass leaf size for low and high intensity 

grazing plots among sites (three-way ANOVA, site effect: p < 0.001 for both length 

and width). Leaf size (length and width) was smaller at Bridgman Ln. in high and low 

grazing intensity plots compared to all other sites (Tukey HSD test, p < 0.05).  

I detected no significant differences in seagrass leaf length and width for cores 

collected in the middle of plots versus those at the edge among grazing treatments, 

sites, or time of sampling (see Table 4.3). 
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Figure 4.5: Seagrass leaf size before the grazing simulation (initial) and one year after 

grazing simulation for the different experimental treatment plots (control, high (High Gr.) and 

low (Low Gr.) grazing intensity) for each site. Black columns represent the seagrass length, 

grey columns the seagrass width and the vertical dashed line indicates the time when the 

grazing simulation occurred. Error bars indicate 1 SE of mean values. 
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Table 4.3: Results of (1) a three-way ANOVA of seagrass leaf size (length and width) 

comparing initial plots in February 2009 before grazing simulation to control plots in 

February 2010 one year after grazing simulation, and (2) a three-way ANOVA of seagrass 

leaf size (length and width) between grazing treatments one year after grazing simulation 

(February 2010). P-values in bold indicate significant effects. 

 

 

4.4. Discussion 

4.4.1. Effect of grazing intensity 

In this study, black swan grazing was simulated at high and low intensity levels at 

four contrasting estuarine seagrass meadow sites and the recovery response of the 

meadows was monitored through time. High and low grazing intensity had no effect 

on seagrass leaf size (length or width). For the low grazing intensity plots (~40 % 

biomass removed) seagrass percentage cover and biomass (the latter measured only 

after one year) at all sites was never significantly different to undisturbed control 

plots, suggesting that at this grazing intensity level, seagrass meadows were not 

significantly impacted by herbivory, even in the short-term. However, for the high 

 

 
 Length  Width 

Effects  df F p-value  df F p-value 

(1) Leaf size         

Year  1 0.87 0.353  1 0.31 0.577 

Site  3 7.00 <0.001   3 11.64 <0.001  
Location  1 2.03 0.159  1 0.66 0.418 

Year × Site  3 3.41 0.022  3 0.30 0.822 

Year × Location  1 0.03 0.871  1 0.15 0.700 

Site × Location  3 0.96 0.416   3 0.56 0.642 

Year × Site × Location  3 0.37 0.779  3 0.23 0.877 

(2) Leaf size         

Treatment  2 3.37 0.040  2 3.54 0.035 

Site  3 12.93 <0.001  3 23.08 <0.001 

Location  1 0.19 0.662  1 1.53 0.221 

Treatment × Site  6 0.66 0.685  6 0.61 0.722 

Treatment × Location  2 0.87 0.425  2 0.08 0.925 

Location × Site  3 1.86 0.145   3 0.17 0.915  

Treatment × Site × Location  6 0.21 0.971  6 0.44 0.852 
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grazing intensity plots (~100 % biomass removed), while seagrass cover was restored 

within 9 months of disturbance at all sites, only 30 % of the total biomass had 

recovered a year after grazing, indicating only a partial regeneration. The lack of 

complete seagrass biomass recovery in the devegetated patches after one year 

suggests that persistent high intensity grazing can cause long-lasting damage to Z. 

muelleri meadows. These results emphasize the importance of grazing intensity to 

seagrass grazing scar recovery rates.  

4.4.2. Effect of variation in environmental conditions and contaminants 

Despite differences in environmental characteristics and potential contaminant 

levels among the contrasting sites I selected, seagrass regeneration from grazing was 

similar for all sites. This suggests that seagrass resilience in this harbour is not 

affected by the current levels of environmental heterogeneity and exposure to 

potential contaminants. It could also suggest that the environmental conditions and 

exposure to contaminants that characterised each site may not be distinct enough to 

detect any seagrass resilience dissimilarities between the sites or that the regeneration 

rates do not accurately reflect the amount of biomass that will ultimately be attained at 

sites upon complete recovery from grazing. However, the overall contamination level 

in Tauranga Harbour may be responsible for the incomplete recovery, although I 

found no obvious detrimental effects of these contamination levels on seagrass 

biomass or morphometry in Chapter 3. The expansion of this study to other harbours 

and sites that contrast more widely in environmental characteristics and exposure to 

potential contaminants is needed to more rigorously examine the levels and variation 

of these parameters that affect seagrass regeneration rates. At one site (Bridgman Ln.) 

although partial seagrass recovery was observed, equivalent to that of other sites, the 

cover and the biomass of the control plots decreased significantly between February 
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2009 and 2010 indicating an overall decrease in seagrass abundance at this site. The 

conditions that distinguish this site from others in the harbour (i.e., higher grazing 

pressure, higher sediment herbicide concentrations, higher sediment silt/clay content 

and higher porewater P concentrations, Fig. 4.2) may be factors that have contributed 

to this decline, particularly the high swan grazing pressure which I linked to biomass 

decline at this site in Chapter 2. 

4.4.3. Effect of grazing on surrounding meadow integrity 

The seagrass cover of areas surrounding the experimental plots was not affected by 

either of the two grazing intensity treatments suggesting that plants adjacent to the 

devegetated, grazed patches caused by swan grazing do not become more vulnerable 

to subsequent disturbance from erosive forces (e.g., currents and wave wash). In fact, 

this ungrazed reserve (Noy-Meir 1975) presumably plays an important role in the 

recovery of adjacent grazed patches through lateral vegetative elongation of rhizomes. 

Studies often monitor the recovery of devegetative patches (e.g., Peterken and 

Conacher 1997, Rollon et al 1999) but, to our knowledge, their possible expansion has 

not previously been examined.  

4.4.4. Recovery mechanisms 

4.4.4.1. Recovery from seeds 

In terrestrial and freshwater systems studies have shown that presence of seed 

banks can play a major role in the recolonisation of open gaps in vegetation 

(Abernethy and Willby 1999, Combroux et al 2001, Kalamees and Zobel 2002, 

Weerasinghe et al 2008). However, in marine environments, less is known about the 

viability and the extent of seagrass seed banks (Orth et al 2000), particularly those of 

poorly studied species. In some cases seagrass regeneration from seed is known to 
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contribute significantly to meadow recovery as shown for multi-species meadows in 

eastern Australia and in fact seed germination here is actually stimulated by the 

abrasive action of herbivore (dugong) grazing (Preen 1995). Conversely, it appears 

that seagrass seed banks and regeneration of meadows via seed germination may be 

limited in some areas and/or for some species. For example, in Australasia, seagrass 

flowering and production of viable seeds is considered rare in Zostera species 

(Bearlin et al. 1999, Turner and Schwarz 2006b) suggesting a limited recovery via 

seed germination and a prominent role of vegetative regeneration in these meadows. 

Indeed, the monthly cover analyses of the high grazing intensity plots in this study 

strongly suggested vegetative regeneration from the edge to the centre of the plot with 

little evidence for germination from seeds. 

4.4.4.2. Recovery via clonal regrowth 

There was no difference in seagrass biomass between the middle and edge of the 

plots at the end of the experiment (one year after grazing) suggesting an even, but low 

density, recolonisation of the plot area, relative to the level of the undisturbed 

meadow. This recolonisation strategy presumably also allowed the seagrass to reach 

an above-ground cover similar to those seen in the ungrazed control plots (as I found 

no difference in the cover of treatment plots one year after grazing) yet biomass had 

not fully developed in high grazing intensity plots. This strategy may also explain the 

rapid and full biomass recovery of the low grazing intensity plots since the 

devegetative patches were smaller and more closely surrounded by seagrass. Cover is 

a visual representation of the area occupied by seagrass leaves which does not take 

into account (1) the below-ground biomass and (2) layering of seagrass above-ground 

material as plants age; thus through time, seagrass biomass may increase but not 

necessarily cover. This difference in results based on use of cover versus biomass 
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highlights the superiority of biomass measurements for accurate assessment of 

seagrass meadow recovery; however, the advantage of cover measurements is their 

non-destructive nature. 

Plant growth rate presumably has an important influence on the speed of meadow 

regeneration from any ungrazed reserve material and this growth rate can vary both 

inter- and intra-specifically (Duarte and Chiscano 1999), the latter depending on 

specific site conditions and resources available for growth (Hiesey et al 1942, Nicotra 

and Rodenhouse 1995). In terms of inter-species differences, pioneer species such as 

Halophila ovalis appear to have a relatively high leaf production rate (3.1 g m
-2

 day
-1

 

during autumn; Eklöf et al 2009) compared to other species (e.g., Zostera muelleri, 

from 1.1 g m
-2

 day
-1

 during winter to 2 g m
-2

 day
-1

 during summer; Turner and 

Schwarz 2006b) which may facilitate more rapid meadow recovery following grazing. 

Indeed, in Thailand, the high productivity rate of H. ovalis is considered responsible 

for its fast recovery after dugong grazing that cause similar damage to seagrass 

meadow as black swans (Nakaoka and Aioi 1999, Chapter 2). I did not measure leaf 

production rates in this study but the relatively low net biomass regeneration rate 

determined in this study (0.34 g m
-2

 day
-1

, average for all sites) for Zostera muelleri, 

may have contributed to the incomplete recovery from high grazing intensity.  

In the year following high intensity grazing, recovery of the above-ground 

biomass relative to controls (45 %) greatly exceeded that of the below-ground 

biomass (28 %). This suggests that development of above-ground biomass and 

production of photosynthetic material is important, at least in the early stages of 

regeneration.  
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4.4.5. Management implications 

In this study, I have shown that only 30 % of the total biomass recovers in large 

(~0.25 m
2
), devegetated patches created by swan grazing within a year. Thus, on the 

assumption that the regeneration rate remains constant through time, complete 

regeneration of these devegetated patches would take more than 3 years (i.e. 3.3 years, 

40 months) to occur. If the dominant type of swan grazing activity results in the 

formation of these large patches, then this result implies that should grazing remove 

more than 30% of biomass in a meadow on an annual basis, then the meadow is 

unlikely to fully regenerate and may suffer long-term decline. This 30 % threshold for 

biomass removal, based on plant regeneration rates, exceeds the 19-20 % threshold 

identified in chapter 2 based on a correlation because swan abundance and significant 

annual change in seagrass biomass, but together these results may provide a useful 

threshold range. The current swan population has been shown to graze 15 % of the 

annual seagrass biomass in Tauranga harbour (Chapter 2). Thus to reach the threshold 

range of 19 to 30 % of annual seagrass biomass removed by grazing, the current swan 

population needs to increase by a factor ranging from 1.25 to 2 (i.e. ~ 4630 to 7400 

swans). However, it is possible that swans may prefer to graze new emerged shoots as 

opposed to older, more established biomass. It has been shown that green turtle, 

dugong, and brant geese repeatedly graze the same area since young seagrass leaves 

contain more fibre and less lignin than older leaves which facilitates digestion 

(Bjorndal 1980, Thayer et al 1984). Thus, older, less palatable patches of seagrass 

may act as a permanent ungrazed reserve to assist seagrass regeneration. The 

preference of black swans for new versus old biomass material was not examined in 

this study but this would be a useful avenue of investigation for future research to 

enable better understanding of seagrass recovery dynamics from swan grazing. 
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Seagrass meadows have important economic and ecological values (i.e., providing 

habitat for important commercial and recreational fisheries (Hemminga and Duarte 

2000, Costanza et al 2007) and food and habitat for threatened species such as 

dugong, turtle and sea-horses), thus effective resource management that regulates 

factors contributing to seagrass decline is needed. The results of this study suggest 

that some regulation of the swan population in Tauranga harbour may be required in 

the future, should numbers continue to increase, to ensure the persistence of this 

valuable habitat.  
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Chapter 5 
 

General conclusions 

 

Black swan grazing at Bridgman Ln. site (mangroves in the foreground)
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5. General conclusions 

 

 

5.1. Summary of chapter conclusions 

Seagrass meadows are an important ecological and economically valuable marine 

system. The need to disentangle the reasons that contribute to their decline is 

essential. This thesis work examined how herbivory by black swans, anthropogenic 

contaminants and their interactions affect seagrass meadows in New Zealand. 

In Chapter 2 of this thesis, observations showed that black swans foraged 

primarily at high tide (day and night) and were more numerous at sites with larger 

meadows, particularly during autumn. Grazing created circular devegetated patches 

with a high amount of above and below-ground biomass removed. I measured an 

average seagrass consumption rate of 394 g dry weight (DW) swan
-1

 day
-1

. Results 

showed a substantial decline (43-69 %) in plant biomass in the subsequent growing 

season at the sites where grazing was most intense, and suggest that black swan 

grazing could contribute to seagrass decline when the proportion of annual biomass 

removed by grazing exceeds a threshold of 19-20 %. Moreover, I estimated that, at 

harbour scale, a 25 % increase in swan numbers (i.e. an average swan population > 

4630 birds) during mid-summer is required to reach this threshold. 

The survey conducted in Chapter 3 suggested that the seagrass in both harbours 

(Tauranga and Aotea) was nitrogen limited. An increasing proportion of urban and 

crop land use in the catchments appeared to play a role in decreasing water clarity 
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through nutrient enrichment with nitrate (NO3-N), although there was no evidence of 

seagrass light limitation. Herbicide contamination of estuarine sediments was 

detected, particularly in the most developed harbour, and this was associated with a 

decrease in plant photosynthetic performance. However, no herbicide effects were 

detected on seagrass biomass or morphometry.  

The grazing simulation experiment conducted in Chapter 4 showed that grazing 

intensity and the spatial pattern of grazing at small scales (i.e. large patches versus 

small patches) affects the regeneration rate within seagrass meadows. At low grazing 

intensity (~40 % of biomass removed, or 10 × 0.01 m
2
 small patches within a 0.25 m

2
 

plot) seagrass cover and biomass were not significantly different from controls 

throughout the one year experiment suggesting that this grazing behaviour does not 

detrimentally affect seagrass meadow. At high grazing intensity, (~100 % of biomass 

removed within a 0.25 m
2
 plot), the cover of these plots was restored within 9 months 

although only 30 % of the total biomass regenerated after a year. This suggests that 

full recovery of larger grazing scars created by swans may take several years (>3 

years, assuming a constant regeneration rate). Presumably, the large size of the scars 

created by swan grazing increases the time necessary for regeneration via vegetative 

ingrowth from the edge. This demonstrates that persistent high intensity grazing 

creating large devegetated patches has the potential to contribute to reduced seagrass 

biomass at sites from one year to the next. As resilience responses to the different 

grazing treatments were similar across all sites, this suggests that the current levels of 

site variation in environmental characteristics and potential contaminants within the 

seagrass meadows of this harbour do not affect seagrass regeneration rates from swan 

grazing pressure which supports the results found in the previous chapter. 
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5.2. Overall conclusion 

Seagrass meadows are declining worldwide and many stressors are postulated to 

contribute this decline (see Fig. 1.1). In the case of Tauranga Harbour, more than one-

third of the seagrass meadows disappeared between 1959 and 1996 (Park 1999). This 

study contributes to the understanding of this decline by assessing the impacts of 

black swan grazing pressure combined with potential anthropogenic contaminant 

effects on seagrass meadows. It provides crucial information about black swan 

feeding behaviour in estuaries and contributes to our knowledge of plant/herbivore 

interactions by highlighting the importance of herbivory in temperate seagrass 

systems, which has often been underestimated. It also provides important information 

concerning the potential impact of coastal development on the marine environment 

with evidence of nutrient enrichment and herbicide contamination of seagrass habitat.  

From these results, I cannot conclude that the anthropogenic contaminants 

measured in this study or the black swan grazing pressure are by themselves 

responsible for the seagrass meadow decline in Tauranga Harbour. However, the 

study results do indicate that black swans have the potential to detrimentally affect 

seagrass meadows when grazing pressure is high; specifically when grazing creates 

many, large devegetated patches. In addition, the concentration of sediment herbicide 

was associated with detrimental effects on seagrass physiology. Although there was 

no apparent impact of herbicides on plant biomass or morphology, effects on 

physiology could be a precursor to such impacts should contamination levels increase 

in the future.  

Since these results may have an important bearing on resource management 

decisions for Tauranga Harbour, it is recommended that the limitations of this study 
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are duly recognised and that further investigations are performed to corroborate these 

results. Indeed (1) calculations and extrapolations at the harbour scale were based on a 

seagrass coverage estimated in 1996 that needs to be updated, (2) the measurement of 

the contaminant parameters was performed only once and other useful parameters, 

such as seagrass growth rate and water column nutrient, suspended sediment and 

herbicide concentrations, could also be measured and (3) the biomass removal 

threshold determined in Chapter 4 is based on the assumption that the dominant type 

of grazing impact in the harbour results in the formation of large, devegetated grazing 

scars and that the regeneration rate for plant recolonizing these scars remains constant 

through time. It would be useful to validate these assumptions in the future. 

5.3. Suggestions for future research 

The study limitations outlined above are considered useful topics for future 

research. In addition to these, other more general topics are suggested below. 

My results from making observations and measurements at individual sites within 

the harbour suggest that black swans feed randomly on the seagrass within a variable 

meadow and do not appear to target high plant density areas (Chapter 2). However, 

little is known about site selection and movements of this large, mobile grazer at the 

entire harbour scale. Thus, further observations using blimps (floating airships) with 

mounted cameras and/or aerial/satellite photography are recommended to improve 

understanding of the swan population dynamics and habitat choice at the harbour 

scale. 

From my field-based measurements and analysis of correlations between seagrass 

condition metrics and harbour environmental/contaminant parameters (Chapter 3), 

some important relationships emerged and warrant further attention. So far, little is 
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known about the impact of the different herbicide components found in this study on 

the marine ecosystem. It has been postulated that the toxicity of herbicides may be 

more detrimental when absorption occurs through leaves than via root uptake (Ralph 

et al 2003). Moreover, herbicide toxicity varies according to the seagrass species and 

the time of exposure. Although, bio- and photo-degradation in marine waters can 

reduce the half-life of toxic compounds (Solomon et al 1996, Scarlett et al 1999), 

some studies have shown that it does not necessarily reduce the damage since the 

degradation product can remain toxic (Okamura et al 2000, Zhang et al 2008). Thus, 

further studies are needed to: (1) identify the nature and amount of herbicides present 

in the water column, (2) understand how herbicide compounds degrade in estuarine 

water and sediment; and (3) evaluate the concentration levels at which these toxic 

compounds and their respective degradation products detrimentally affect different 

seagrass species.  

This study has shown that activities linked to human development are closely 

related to NO3-N enrichment of estuarine water and that seagrass condition may be 

strongly regulated by porewater NH4-N availability and the presence of herbicide 

compounds in the sediments (Chapter 3). Thus the effects of these contaminants on 

seagrass meadows warrants further investigation using laboratory or in situ 

experimental manipulations that test the growth responses and sensitivity of Zostera 

muelleri to a range of contaminant concentrations both individually and interactively. 

In situ nutrient experiments could take the form of addition experiments using slow-

release fertilisers buried in the sediment (e.g. Worm et al 2000, Udy et al 1999, 

Kenworthy and Fonseca 1992). This study provides information on the levels of 

contaminants likely to be encountered in situ which will be a useful guide for 

appropriate treatment levels to be used in such controlled experiments. 
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In addition to the black swan grazing pressure and anthropogenic contaminant 

effects assessed in this study, other stressors can also contribute to seagrass decline 

(see Fig. 1.1) and probably warrant further study, particularly in Tauranga Harbour 

where the cause of the historical seagrass decline was unable to be confirmed. Other 

stressors not examined here include wasting disease, other contaminants (e.g. 

petrochemicals, heavy metals), physical damage from coastal developments and 

recreational activities and extreme natural disturbances (e.g. large storms).  

From the range of other stressors that can potentially impact seagrass (see Fig. 

1.1), global climate change, as a result of human activities, is expected to lead to 

increased water temperatures and sea levels, which could detrimentally affect seagrass 

physiology and biomass. It has been shown that fluctuations in water level, 

temperature, and salinity can affect seagrass distribution, growth, biomass, and 

enzymatic activity, and increase seagrass vulnerability to disease (Short and Neckles 

1999, Masini and Manning 1997, Fletcher and Fletcher 1995, Kamermans et al. 1999, 

Zieman et al. 1999, Burdick et al. 1993). Although global climate change is unlikely 

to have contributed to historical seagrass decline it may affect seagrass regeneration 

from natural and anthropogenic disturbances, such as those investigated in this study, 

in the future. Thus, evaluating how global climate change affects seagrass condition 

alongside other more commonly studied stressors would be an interesting avenue of 

future research. 

Recently concern has been raised in northern New Zealand about the expansion of 

mangrove beds in coastal areas and associated reduction in areas suited to recreation. 

Thus, in some places, local management agencies have allowed the removal of this 

important ecosystem. Mangroves grow in muddy sediments so their expansion is 

linked to accelerated sedimentation of estuaries as a result of anthropogenic catchment 
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developments. The mangrove system forms an important habitat for fish and other 

marine biota (Barbier 2000, Chaves and Bouchereau 2000) and they are known to 

play a role in filtering coastal runoff water by trapping fine sediment particles that 

potentially smother seagrasses and corals (Victor et al 2004). Currently little is known 

about the impacts of mangrove expansion and/or removal on adjacent habitats such as 

seagrass meadows. This information would assist resource managers and scientists to 

weigh up the costs and benefits of mangrove removal activities.  

Finally, this thesis examined in detail the impact of black swan grazing pressure 

combined with anthropogenic contaminants, on seagrass meadows, and results can 

support decisions to maintain seagrass meadows in Tauranga Harbour. From a 

broader point of view, this study also emphasizes the importance of a multi-factorial 

approach in situ to identify the factors affecting seagrass meadow dynamics. It 

provides empirical data about herbivory and anthropogenic contamination that could 

usefully serve to support modelling approaches. Models that incorporate all factors 

affecting seagrass dynamics in order to predict and anticipate seagrass loss may 

further improve our understanding of this ecosystem and so its management. 



References 

115 

 

 

6. References 

 

 

Abernathy VJ, Willby NJ (1999) Changes along a disturbance gradient in the 

density and composition of propagule banks in floodplain aquatic habitats. 

Plant Ecol 140:177-190 

Agawin NSR, Duarte CM, Fortes MD (1996) Nutrient limitation of Philippine 

seagrasses (Cape Bolinao, NW Philippines): in situ experimental evidence. Mar 

Ecol Prog Ser 138:233-243 

Alcoverro T, Mariani S (2002) Effects of sea urchin grazing on seagrass 

(Thalassodendron ciliatum) beds of a Kenyan lagoon. Mar Ecol Prog Ser 

226:255-263 

Alexandre A, Silva J, Santos R (2010) Inorganic nitrogen uptake and related 

enzymatic activity in the seagrass Zostera noltii. Mar Ecol Evol Persp 31: 539-

545 

Altstatt JM (2003) Restoration of a historic eelgrass (Zostera marina) bed at 

Frenchy‟s Cove, Anacapa Island. Final Proc. Sixth California Islands 

Symposium. Institute for Wildlife Studies, Arcata, California  

Armiger LC (1965) A Contribution to the Auto-ecology of Zostera. Unpublished 

MSc thesis, University of Auckland, New Zealand 

Arts MT, Robarts RD, Kasai F, Waiser MJ, Tumber PV, Plante AJ, Rai H, De 

Lange HJ (2000). The attenuation of ultraviolet radiation in high dissolved 

organic carbon waters of wetlands and lakes on the northern Great Plains. 

Limnol Oceanogr 45:292-299 

Baldwin JR, Lovvorn JR (1994) Expansion of seagrass habitat by the exotic 

Zostera japonica, and its use by dabbling ducks and brant in Boundary Bay, 

British Colombia. Mar Ecol Prog Ser 103:119-127 

Barbier EB (2000) Valuing the environment as input: Review of applications to 

mangrove-fishery linkages. Ecol Economics 35: 47-61 

Bearlin AR, Burgman MA, Regan HM (1999) A stochastic model for seagrass 

(Zostera muelleri) in Port Phillip Bay, Victoria, Australia. Ecol Model 

118:131-148 



References 

116 

 

Beck MW, Heck Jr KL, Able KW, Childers DL (2001) The identification, 

conservation, and management of estuarine and marine nurseries for fish and 

invertebrates. BioScience 51:633-641 

Beekman JH, van Eerden MR, Dirksen S (1991) Bewick‟s swans Cygnus 

columbianus beweickii utilising resource of Potamogeton pectinatus during 

autumn in the Netherlands. Proceeding of the Third International Swan 

Symposium, Oxford, UK 

Belsky AJ (1986) Does herbivory benefit plants? A review of the evidence. Am 

Nat 127:870-92 

Bjorndal KA (1980) Nutrition and grazing behavior of the green turtle Chelonia 

mydas. Mar Biol 56:147-154 

Blake R, Duffy J (2010) Grazer diversity affects resistance to multiple stressors in 

an experimental seagrass ecosystem. Oikos 10:1625-1635 

Bortolus A, Iribarne OO, Matínez MM (1998) Relationship between waterfowl and 

the seagrass Ruppia maritima in a Southwester Atlantic Coastal Lagoon. 

Estuaries 21:710-717 

Bradley MP, Stolt MH (2006) Landscape-level seagrass-sediment relations in a 

coastal lagoon. Aquat Bot 84:121-128 

Breedlove DE, Ehrlich PR (1968) Plant-herbivore coevolution: lupines and 

lycaenids. Science 162:671-672 

Brun FG, Hernández I, Vergara JJ, Peralta G, Pérez-Lloréns JL (2002) Assessing 

the toxicity of ammonium pulses to the survival and growth of Zostera noltii. 

Mar Ecol Prog Ser 225:177-187 

Bulthuis DA, Axelrad DM, Mickelson MJ (1992) Growth of the seagrass 

Heterozostera tasmanica limited by nitrogen in Port Phillip Bay, Australia. 

Mar Ecol Prog Ser 89:269-275 

Burdick DM, Short FT, Wolf J (1993) An index to access and monitor the progression 

of wasting disease in eelgrass, Zostera marina. Mar Ecol Prog Ser 174: 247-256. 

Burke MK, Dennison WC, Moore KA (1996) Non-structural carbohydrate reserves 

of eelgrass Zostera marina. Mar Ecol Prog Ser 137:195-201 

Burkholder JM, Glasgow Jr HB, Cooke JE (1994) Comparative effects of water-

column nitrate enrichment on eelgrass Zostera marina, shoalgrass Halodule 

wrightii, and widgeongrass Ruppia maritima. Mar Ecol Prog Ser 105:121-138 

Burkholder JM, Mason KM, Glasgow Jr HB (1992) Water-column nitrate 

enrichment promotes decline of eelgrass Zostera marina: evidence from 

seasonal mesocosm experiments. Mar Ecol Prog Ser 81:163-178 

Burkholder MJ, Tomasko DA, Touchette BW (2007) Seagrass and eutrophication. 

J Exp Mar Biol Ecol 350:46-72 



References 

117 

 

Cape J (1993). Direct damage to vegetation caused by acid rain and polluted cloud: 

definition of critical levels for forest trees. Environ Pollut 82:167-180 

Cebrián J, Duarte CM (1998) Pattern in leaf herbivory on seagrass. Aquat Bot 

60:67-82 

Charman K (1975) The feeding ecology of the brent goose. In: report of the Maplin 

Ecological Research Programme, Part II. Department of the Environment, 

London, pp. 259-289, unpublished 

Chaves P, Bouchereau JL (2003) Use of mangrove habitat for reproductive activity by 

the fish assemblage in the Guaratuba Bay, Brazil. Oceanologica Acta 23: 273-280 

Cherry JA, Gough L (2009) Trade-offs in plant responses to herbivory influence 

trophic routes of production in a freshwater wetland. Oecologia 161:549-557 

Chessel D, Dufour AB, Thioulouse J (2004) The ade4 Package – I: One-Table 

Methods. R News 4:5-10 

Clausen P, Nolet BA, Fox AD, Klaassen M (2002) Long-distance endozoochorous 

dispersal of submerged macrophyte seeds by migratory waterbirds in northern 

Europe - a critical review of possibilities and limitations. Acta Oecol 23: 191-

203 

Combroux I, Bornette G, Willby NJ, Amoros C (2001) Regenerative strategies of 

aquatic plants in disturbed habitats: the role of the propagule bank. Arch 

Hydrobiol 152:215-235 

Concha-Graña E, Turnes-Carou MI, Muniategui-Lorenzo S, López-Mahía P, 

Fernández-Fernández E, Prada-Rodríguez D (2004) Development of 

pressurized liquid extraction and cleanup procedures for determination of 

organochlorine pesticides in soils. J Chromatogr A 1047:147-155 

Costanza R, d‟Arge R, de Groot RS, Farber S, Grasso M, Hannon B, Limburg K, 

Naeem S, O‟Neill RV, Paruelo J, Raskin RG, Sutton P, van den Belt M (1997) 

The value of the world‟s ecosystem services and natural capital. Nature 

387:253-260 

Coutris C, Merlina G, Silvestre J, Pinelli E, Elger A, (2011) Can we predict 

community-wide effects of herbicides from toxicity tests on macrophyte 

species? Aquat Toxicol 101:49-56 

Crawley MJ (1983.) Herbivory. The Dynamics of Animal-Plant Interactions. 

Studies in Ecology Volume 10. Oxford: Blackwell Scientific Publications 

Creed JC, Amado Filho GM (1999) Disturbance and recovery of the macroflora of 

a seagrass (Halodule wrightii Ascherson) meadow in the Abrolhos Marine 

National Park, Brazil: an experimental evaluation of anchor damage. J Exp Mar 

Biol Ecol 235:285-306 



References 

118 

 

Dawes CJ, Lawrence JM (1980) Seasonal change in the proximate constituents of 

the seagrass Thalassia testiduim, Halodule wrightii, and Syringodium filiforme. 

Aquat Bot 8:371-380 

Den Hartog C (1970) The seagrasses of the World. Amsterdam: North Holland. 

Devault DA, Merlina G, Lim P, Probst JL, Pinelli E (2007) Multi-residues analysis 

of pre-emergence herbicides in fluvial sediments: application to the mid-

Garonne River. J Environ Monitor 9:1009-1017 

Di Carlo G, Kenworthy WJ (2008) Evaluation of aboveground and belowground 

biomass recovery in physically disturbed seagrass beds. Oecologia 158:285-98 

Duarte CM (1991) Seagrass depth limits. Aquat Bot 40:363-377 

Duarte CM, Chiscano CL (1999) Seagrass biomass and production: a reassessment. 

Aquat Bot 65:159-174 

Duarte CM, Chiscano CL (1999) Seagrass biomass and production: a reassessment. 

Aquat Bot 65:159-174 

Eklöf JS, de la Torre-Castro M, Gullström M, Uku J, Muthiga N, Lyimo T, 

Bandeira SO (2008) Sea urchin overgrazing of seagrasses a review of current 

knowledge on causes, consequences and management. Est Coast Shelf Sci 

79:569-580 

Eklöf JS, McMahon K, Lavery PS (2009) Effect of multiple disturbances in 

seagrass meadows: shading decreases resilience to grazing. Mar Freshw Res 

60:1317-1327 

Flanigan YS, Critchley C (1996) Light response of D1 turnover and photosystem II 

efficiency in the seagrass Zostera capricorni. Planta 198:319-323 

Fletcher SW, Fletcher WW (1995) Factors affecting changes of seagrass distribution 

and diversity in the India River Lagoon complex between 1940 and 1992. Bull 

Mar Sci 57:49-58. 

Fonseca MS, Bell SS (1998) Influence of physical setting on seagrass landscapes 

near Beaufort, North Carolina, U.S.A. Mar Ecol Prog Ser 171:109-121 

Ganter B (2000) Seagrass (Zostera spp.) as food for brant geese (Branta bernicla): 

an overview. Helgol Mar Res 54:63-70 

Gell FR, Whittington MW (2002) Diversity of fishes in seagrass beds in the 

Quirimba Archipelsgo, northern Mozambique. Mar Freshwater Res 53:115-121 

Giesen WBJT, Van Katwijk MM, Den Hartog, C (1990) Eelgrass condition and 

turbidity in the Dutch Wadden Sea. Aquat Bot 37:71-85 

Gough MA, Fothergill J, Hendrie JD (1994) A survey of Southern England coastal 

waters for the s-triazine antifouling compound Irgarol 1051. Mar Pollut Bull 

28:613-620 



References 

119 

 

Graeme M (2005) Estuarine Vegetation Survey - Aotea Harbour. Environmental 

Report 05/43. Environment Waikato, Hamilton, New Zealand 

Grayston JS, Dawson LA, Treonis AM, Murray PJ, Ross J, Reid EJ, MacDougall 

R (2001) Impact of root herbivory by insect larvae on soil microbial 

communities. Eur J SoilBiol 37:277-280  

Green EP, Short FT (2003) World Atlas of Seagrass University of California Press, 

Berkeley, USA 

Greve TM, Krausen-Jensen D (2005) Predictive modelling of eelgrass (Zostera 

marina) depth limit. Mar Biol 146:49-858. 

Greve TM, Krausen-Jensen D (2005) Predictive modelling of eelgrass (Zostera 

marina) depth limit. Mar Biol 146:849-858 

Hanson K, Kristensen E (1998) The impact of the polychaete Nereis diversicolor 

and enrichment with macroalgal (Chaetomorpha linum) detritus on benthic 

metabolism and nutrient dynamics in organic-poor and organic-rich sediment. J 

Exp Mar Biol Ecol 231:201-223 

Harlin MM (1993) Changes in major plant groups following nutrient enrichment. 

In: McComb, A.J. (Ed.). Eutrophic Shallow Estuaries and Lagoons. CRC 

Press, Boca Raton, FL, pp. 173-187 

Harlin MM, Thorne-Miller B (1981) Nutrient enrichment of seagrass beds in a 

Rhode Island coastal lagoon. Mar Biol 65:221-229 

Haynes D, Müller J, Carter S (2000) Pesticide and Herbicide Residues in 

Sediments and Seagrasses from the Great Barrier Reef World Heritage Area 

and Queensland Coast. Mar Pollut Bull 41:279-287 

Heather B, Robertson H (1996) The field guide to the birds of New Zealand. Penguin 

Books, Auckland , New Zealand. 

Heck KL, Valentine JF (1995) Sea urchin herbivory: evidence for long-lasting 

effects in subtropical seagrass meadows. J Exp Mar Biol Ecol 189:205-217 

Heck KL, Valentine JF (2006) Plant-herbivore interactions in seagrass meadows. J 

Exp Mar Biol Ecol 330:420-436 

Hemminga MA, Duarte CM (2000) Seagrass ecology. Cambridge University Press, 

Cambridge 

Hiesey WM, Clausen J, Keck DD (1942) Relation between climate and 

intraspecific variation in plant. Am Nat 76:5-22 

Honkanen T, Haukioja E, Kitunen V (1999) Responses of Pinus sylvestris 

branches to simulated herbivory are modified by tree sink/source dynamics and 

by external resources. Funct Ecol 13:126-40 



References 

120 

 

Hopkinson CS, Giblin AE, Tucker J, Garritt RH (1999) Benthic Metabolism and 

Nutrient Cycling along an Estuarine Salinity Gradient. Estuaries 22:863-881 

Hoven HM, Gaudette HE, Short FT (1999) Isotope ratios of 206Pb/207Pb in 

seagrass, Zostera marina, indicate sources of Pb in an estuary. Mar Env Res 

48:377-387 

Howard-Williams C, Clayton JS, Coffey BT, Johnstone IM (1987) Macrophyte 

invasion. In: Viner, A.B. (ed). Inland water of New Zealand. DSIR Information 

Publishing Centre, Wellington.: 494 p. 

Hughes B, Green AJ (2005) Feeding ecology. In: Kear J (ed) Ducks, Geese and 

Swans. Vol 1: General chapter, Species accounts (Anhima to Salvadorina), 

chapter 3. Oxford University Press Inc., New York 

Hugues AR, Bando KJ, Rodriguez LF, Williams SL (2004) Relative effects of 

grazer and nutrients on seagrasses: a meta-analysis approach. Mar Ecol Prog 

Ser 282:87-99 

Huhta AP, Lennartsson T, Tuomi J, Rautio P, Laine K (2000) Tolerance of 

Gentianella campestris in relation to damage intensity: an interplay between 

apical dominance and herbivory. Evol Ecol 14:373-392 

Ibarra-Obando S, Kenneth HL, Spitzer PM (2004) Effects of simultaneous changes 

in light, nutrients, and herbivory levels, on the structure and function of a 

subtropical turtlegrass meadow. J Exp Mar Biol Ecol 301:193-224 

Inglis GJ (2003) Seagrasses of New Zealand. In: Green EP, Short FT (eds). World 

Atlas of Seagrasses: Present Status and Future Conservation. University of 

California Press, Berkeley 

Jackson JBC (2001) What was natural in the coastal oceans? PNAS 98:5411-5418 

Jacobs RPWM, Den Hartog C, Braster BF, Carriere FC (1981) Grazing of the 

seagrass Zostera noltii by birds at Terschelling (Dutch Wadden Sea). Aquat 

Bot 10:241-259 

Jacobs SWL, Les DH, Moody ML (2006) New combinations in Australasian 

Zostera (Zosteraceae). Telopea 11:127-128 

Jones TC, Gemmill CEC, Pilditch CA (2008) Genetic variability of New Zealand 

seagrass (Zostera muelleri) assessed at multiple special scales. Aquat Bot 

88:39-46 

Kamalees R, Zobel M (2002) The role of the seed bank in gap regeneration in a 

calcareous grassland community. Ecology 83:1017-1025 

Kamermans P, Hemminga MA, de Jong DJ (1999) Significance of salinity and silicon 

levels for growth of a formerly estuarine eelgrass (Zostera marina) population 

(Lake Grevelingen, The Netherlands). Mar Biol 133:527-539. 



References 

121 

 

Kear J (2005) Ducks, Geese and Swans. Vol 1: General chapter, Species accounts 

(Anhima to Salvadorina). Oxford University Press Inc., New York 

Kemp WM, Boynton WR, Twilley RR, Stevenson JC, Means JC (1983) The 

decline of submerged vascular plants in the upper Chesapeake Bay: summary 

of results concerning possible causes. Mar Soc Tech J 17:78-89 

Kendrick GA, Aylwar MT, Hegge GJ, Cambridge ML, Hillman K, Wyllie A, Lord 

DA (2002) Changes in seagrass coverage in Cockburn Sound, Western 

Australia between 1967 and 1999. Aquat Bot 73:75-87 

Kenworthy WJ, Fonseca MS (1992) The use of fertilizer to enhance growth of 

transplanted seagrass Zostera marina L. and Halodule wrightii Ashers. J Exp 

Mar Biol Ecol 163:141-161 

Kikuchi T (1980) Faunal relationships in temperate seagrass beds. In: Phillips, 

R.C., McRoy, C.P. (eds.), Handbook of Seagrass Biology, An Ecosystem 

Perspective. Garland STM Press. Pp. 153-172 

Kirkman H, Cook IH (1982) Biomass and growth of Zostera Capricorni Aschers. 

In Port Haking, NSW, Australia. Aquat Bot 12:57-67 

Kirsch KD, Valentine JF, Heck KL (2002) Parrotfish grazing in turtlegrass 

Thalassia testudinum: evidence for the importance of seagrass consumption in 

food web dynamics of the Florida Keys national Marine Sanctuary. Mar Ecol 

Prog Ser 227:71-85 

Kuiper-Linley M, Johnson CR, Lanyon JM (2007) Effects of simulated green turtle 

regrazing on seagrass abundance, growth and nutritional status in Moreton Bay, 

south-east Queensland, Australia. Mar Fresh Res 58:492-503 

Lachat (1994) Manual of Analytical Methods Vol. 1, Method 01-1090, Vers. 1 

Lam KH, Cai Z, Wai HY, Tsang VWH, Lam MHW, Cheung RYH, Yu H, Lam 

PKS (2005) Identification of a new Irgarol-1051 related s-triazine species in 

coastal waters. Environ Pollut 136:221-230 

LaMontagne JM, Jackson LJ, Barclay RMR (2003) Compensatory growth 

responses of Potamogeton pectinatus to foraging by migrating trumpeter swans 

in spring stop over areas. Aquat Bot 76:235-244 

Lanyon J, Limpus CJ, Marsh H (1989) Dugongs and turtles: Grazer in the seagrass 

system. In: Larkum AWD, McComb AJ, Shepherd SA (eds.). Biology of 

seagrasses – A treatise on the Biology of Seagrasses with Special Reference to 

the Australian Region. Elsevier, New York, pp 610-634 

Larkum AWD, West RJ (1990) Long-term changes of seagrass meadows in Botany 

Bay, Australia. Aquat Bot 37:55-70 

 



References 

122 

 

Larssen T, Lydersen E, Tang D, He Y, Gao J, Liu H, Duan L, Seip HM, Vogt, RD, 

Mulder J, Shao M, Wang Y, Shang H, Zhang X, Solberg S, Aas W, Okland T, 

Eilertsen O, Angell V, Li Q, Zhao D, Xiang R, Xiao J, Luo J. (2006) Acid rain 

in China. Environ. Sci Technol 40:418-425 

Lee KS, Dunton KH (1999) Inorganic nitrogen acquisition in the seagrass 

Thalassia testudinum: development of a whole-plant nitrogen budget. Limnol 

Oceanogr 44:1204-1215 

Likens GE, Driscoll CT, Buso DC (1996) Long-Term Effects of Acid Rain: 

Response and Recovery of a Forest Ecosystem. Science 272:244-246 

Lodge DM (1991) Herbivory on freshwater macrophytes. Aquat Bot 41:195-224 

Lohrer AM, Halliday NJ, Thrush SF, Hewitt JE, Rodil IF (2010) Ecosystem 

functioning in a disturbance-recovery context: Contribution of macrofauna to 

primary production and nutrient release on intertidal sandflats. J Exp Mar Biol 

Ecol 390:6-13 

Lotze HK, Lenihan HS, Bourque BJ, Bradbury RH, Cooke RG, Kay MC, Kidwell 

SM, Kirby MX, Peterson CH and Jackson JBC (2006) Depletion, degradation, 

and recovery potential of estuaries and coastal seas. Science 312:1806-1809 

Macinnis-Ng CMO, Ralph PJ (2004) In situ impact of multiple pulses of metal and 

herbicide on the seagrass, Zostera capricorni. Aquat Toxicol 67:227-237 

Madsen J (1988) Autumn feeding ecology of herbivorous wildfowl in the Danish 

Waddensea. Danish Review of Game Biology 13:1-34 

Masini RJ, Anderson PK, McComb AJ (2001) A Halodule - dominated community 

in a subtropical embayment: physical environment, productivity, biomass, and 

impact of dugong grazing. Aquat Bot 71:179-197 

Masini RJ, Manning CR (1997) The photosynthetic responses to irradiance and 

temperature of four meadow-forming seagrasses. Aquat Bot 58:21-36. 

Mateo MA, Cebrián J, Dunton K, Mutchler T (2006) Carbon flux in Seagrass 

Ecosystems In: Larkum AWD, Orth RJ, Duarte CM (eds). Seagrasses: Biology, 

Ecology and Conservation. Springer, The Netherland. 

Mathers RG, MontgomeryWI, Portig AA (1998) Exploitation of intertidal Zostera 

species by Brent geese Branta Bernicla Hrota. Why dig for your dinner. Proc R 

Irish Acad 98:147-152 

Matheson FE, Schwarz A, (2007) Growth responses of Zostera capricorni to 

estuarine sediment conditions. Aquat Bot 87:299-306 

Mathiasson S (1973) A moulting population of non-breeding Mute Swans with 

special reference to flight-feather moult, feeding ecology and habitat selection. 

Wildfowl 24:43-53 



References 

123 

 

McMahon K, Bengtson Nash S, Eaglesham G, Müller JF, Duke NC, Winderlich S 

(2005) Herbicide contamination and the potential impact to seagrass meadows 

in Hervey Bay, Queensland, Australia. Mar Pollut Bull 51:325-334 

McNaughton SJ (1983) Compensatory growth as a response to herbivory. Oikos 

40:329-36 

McRoy CP, Barsdate RJ, Nebort M (1972) Phosphorus cycling in an eelgrass 

ecosystem. Limnol Oceanogr 17:58-67 

McRoy CP, Helfferich C (1980) Applied aspects of seagrasses. In: Phillips RC, 

McRoy CP (eds.). Handbook of Seagrass Biology, An Ecosystem Perspective. 

Garland STM Press. Pp 297-343 

Merlina G, Lempérière G, Calmon JP (1994) Determination and uptake of 

carbosulfan and carbofuran in young Douglas Firs (Pseudotsuga Menziesii 

Mirb.). J Agr Food Chem 42:1569-1571 

Milchunas DG, Noy-Meir I. (2002) Grazing refuges, external avoidance of 

herbivory and plant diversity. Oikos 99:113-130 

Millard P, Hester AJ, Wendler R, Baillie G (2001) Remobilization of nitrogen and 

the recovery of Betula pendula, Pinus sylvestris, and Sorbus aucuparia 

saplings after simulated browsing damage. Funct Ecol 15:535-43 

Mohammed GH, Zarco-Tejada P, Millar JR (2003) Applications of chlorophyll 

fluorescence in forestry and ecophysiology. In: DeEll JR, Toivonen PMA 

(Eds.). Practical Applications of Chlorophyll Fluorescence. Springer. Pp 79-

124 

Moran KL, Bjorndal KA (2005) Simulated green turtle grazing affects structure 

and productivity of seagrass pastures. Mar Ecol Prog Ser 305:235-247 

Moran KL, Bjorndal KA (2007) Simulated green turtle grazing affects nutrient 

composition of the seagrass Thalassia testudinum. Mar Biol 150:1083-1092 

Müller JF, Duquesne S, Ng J, Shaw GR, Krrishnamohan K, Manonmanii K, Hodge 

M, Eaglesham GK (2000) Pesticides in sediments from Queensland irrigation 

channels and drains. Mar Pollut Bull 41:294-301 

Murray J, Grundmanis V, Smethiejr W (1978) Interstitial water chemistry in the 

sediments of Saanich Inlet. Geochim. Cosmochim. Acta 42:1011-1026 

Nacked M, Reise K (2000) Effects of herbivorous birds on intertidal seagrass beds 

in the northern Wadden sea. Helgol Mar Res 54:87-94 

Nagy KA (1987) Field metabolic rate and food requirement scaling in mammals 

and birds. Ecol Monogr 52:111-128 

Nakaoka M, Aioi K (1999) Growth of seagrass Halophila ovalis at dugong trails 

compared to existing within-patch variation in a Thailand intertidal flat. Mar 

Ecol Prog Ser 184:97-103 



References 

124 

 

Newsholme EA, Start C (1973) Regulation in metabolism. John Wiley & Sons, 

London 

Nicotra AB, Rodenhouse NL (1995) Intraspecific competition in Chenopodium 

album varies with resource availability. Am Midl Nat 134:90-98 

Nolet B, Langevoord O, Bevan RM, Engelaar K, Klaasen M, Mulder RJW, van 

Diijk S (2001) Spatial variation in tuber depletion by swans explained by 

differences in net intake rate. Ecology 82:1655-1667 

Noy Meir I (1975) Stability of grazing systems: an application of predator-prey 

graphs. J Ecol 63:459-481 

Ogden JC (1980) Faunal relationships in Carribean seagrass beds. In: Phillips RC, 

McRoy CP (eds.). Handbook of Seagrass Biology, An Ecosystem Perspective. 

Garland STM Press. Pp173-198 

Okamura H, Aoyama I, Takami T, Maruyamaà T, Suzukià Y, Matsumoto M (2000) 

phytotoxicity of the New Antifouling Compound Irgarol 1051 and a Major 

Degradation Product. Mar Pollut Bull 40:754-763. 

Orth RJ, Harwell MC, Bailey EM, Bartholomew A, Jawad JT, Lombana AV, 

Moore KA, Rhode JM, Woods HE (2000) A review of issues in seagrass seed 

dormancy and germination: implications for conservation and restoration. Mar 

Ecol Prog Ser 200:277-288 

Orth RJ, Heck KLJr, Van Montfrans J (1984) Faunal communities in seagrass 

beds: A review of the influence of the plant structure and prey characteristics 

on predator-prey relationships. Estuaries 7:339-350 

Orth RJ, Luckenback ML, Marion SR, Moore KA, Wilcox DJ (2006) Seagrass 

recovery in the Delmarava Coastal Bays, USA. Aquat Bot 84:26-36 

Pamo ET, Chamba MN (2001) Elephants and vegetation chang in the Sahelo-

Soudanian region of Cameroon. J Arid Environ 48:243-253 

Park SG (1999) Changes in the Abundance of Seagrass (Zostera spp.) in Tauranga 

Harbour from 1956-96. Environmental Report 99/30. Environment Bay of 

Plenty, Tauranga, New Zealand 

Peralta G, Bouma TJ, van Soelen J, Pérez-Lloréns JL, Hernández I (2003) On the 

use of sediment fertilization for seagrass restoration: a mesocosm study on 

Zostera marina L. Aquat Bot 75:95-110 

Percival SM, Evan PR (1997) Brent Geese Branta bernicla and Zostera; factors 

affecting the exploitation of a seasonally declining food resource. Ibis 139:121-

128 

Percival SM, Sutherland WJ, Evans PR (1996) A spatial depletion model of the 

responses of grazing wildfowl to the availability of the intertidal vegetation. J 

Appl Ecol 33:979-992 



References 

125 

 

Percival SM, Sutherland WJ, Evans PR (1998) Intertidal habitat loss and wildfowl 

numbers: applications of a spatial depletion model. J Appl Ecol 35:57-63 

Peterken CJ, Conacher CA (1997) Seed germination and recolonisation of Zostera 

capricorni after grazing by dugongs. Aquat Bot 59:333-340 

Peters EC, Gassman NJ, Firman JC, Richmond RH, Power EA (1997) 

Ecotoxicology of tropical marine ecosystems. Environ Toxicol Chem 16:12-40 

Portig AA, Mathers RG, Montgomery WI, Govier RN (1994) The distribution and 

utilization of Zostera species in Strangford Lough, Northern Ireland. Aquat Bot 

47:317-328 

Prado P, Tomas F, Alcoverro T, Romero J (2007) Extensive direct measurement of 

Posidonia oceanica defoliation confirm the importance of herbivory in 

temperate seagrass meadows. Mar Ecol Prog Ser 340:63-71 

Preen A (1995) Impact of Dugong foraging on seagrass habitat: observational and 

experimental evident for cultivating grazing. Mar Ecol Prog Ser 124:201-213 

Ralph PJ, Tomasko D, Moore K, Seddon S, Macinnins-Ng CMO (2003) Dugongs 

Human Impacts on Seagrasses: Eutrophication, Sedimentation, and 

Contamination. In Larkum, A.W.D., Orth, R.J., Duarte, C.M., (eds) Seagrass: 

Biology, Ecology and Conservation. Springer, The Netherland pp 567-593 

Ranwell DS, Downing BM (1959) Brent goose (Branta bernicla (L.)) winter 

feeding pattern and Zostera resources at Scolt Head Island, Norfolk. Anita 

Behav 7:42-56 

Raven JA (1977) The evolution of vascular land plants in relation to supracellular 

transport processes. Adv Bot Res 5:153-219 

Readman JW, Wee Kwong LL, Grondin D, Bartocci J, Villeuneuve JP, Mee LD 

(1993) Coastal water contamination from a triazine herbicide used in 

antifouling plaints. Environ Sci Technol 27:1940-1942 

Reed J, Schwarz A, Gosai A, Morrison M. (2004) Feasibility study to investigate 

Report to Northland Regional Council, New Zealand 

Richards JH (1993) Physiology of plants recovering from defoliation. In 

Grasslands for our World, ed. M.J. Baker. Proceedings of the XVII 

International Grassland Congress. Wellington: SIR Publishing, pp. 85-94 

Richter B, Ezzell J, Felix D (1995) Dionex Corporation-single laboratory. Method 

Validation Report: Extraction of TCL/PPL (Target Compound List/Priority 

Pollutant List) BNAs and Pesticides Using Accelerated Solvent Extraction 

(ASE) with Analytical Validation by GC/MS and GC/ECD, Document 

116064.A 

Rivers DO, Short FT (2007) Effect of grazing by Canada geese Branta canadensis 

on an intertidal eelgrass Zostera marina meadow. Mar Ecol Prog Ser 333:271-

279 



References 

126 

 

Robertson JB, Van Soest PJ (1981) The detergent system of analysis and its 

application to human foods. In: James WPT, Theander O (eds) The Analysis of 

Dietary Fiber in Food. Marcel Dekker, New York 

Roblee MB, Barber TR, Carlson PR, Durako MJ, Fourqurean JW, Mueshlstein LK, 

Porter D, Yabro LA, Ziemen RT, Zeiman JC (1991) Mass mortality of tropical 

seagrass Thalassia testudium in Florida Bay (USA). Mar Ecol Prog Ser 71:297-

299 

Rollon R, De Ruyter Van Strevenink ED, Van Vierssen W, Fortes MD (1999) 

Contrasting recolonization strategies in multi-species seagrass meadows. Mar 

Pollut Bull 34:450-459  

Romero J, Lee K-S, Marta P, Mateo MA, Alcoverro T (2006) Nutrient Dynamics 

in Seagrass Ecosystems.  In: Larkum AWD, Orth RJ, Duarte CM (eds.) 

Seagrass: Biology, Ecology and Conservation. Springer, The Netherland, pp 

227-254 

Rose CD, Sharp WC, Kenworthy, WJ, Hunt JH, Lyons WG, Prager EJ, Valentine 

FJ, Hall MO, Whitfield, Fourqurean JW (1999) Overgrazing of a large seagrass 

bed by the sea urchin Lytechinus variegatus in Outer Florida Bay. Mar Ecol 

Prog Ser 190:211-222 

Rosenthal JP, Kotanen PM (1994) Terrestrial plant tolerance to herbivory. Trends 

Ecol Evol 9:145-148 

Santamaría L, Rodríguez-Gironés MA (2002) Hiding from swans: optimal burial 

depth of sago pondweedtubers foraged by Bewick‟s swans. J Ecol 90:303-315 

Scarlett A, Donkin ME, Fileman TW, Donkin P (1997) Occurrence of the marine 

antifouling agent Irgarol 1051 within the Plymouth Sound locality: 

implications for the green macroalga Enteromorpha intestinalis. Mar Pollut 

Bull 34:645-651 

Scarlett A, Donkin P, Fileman TW, Morris RJ (1999) Occurrence of the 

Antifouling Herbicide, Irgarol 1051, within Coastal-water Seagrasses from 

Queensland, Australia. Mar Pollut Bull 38:687-691 

Schwarz A-M (2004) Contribution of photosynthetic gains during tidal emersion to 

production of Zostera capricorni in a North Island, New Zealand estuary. N Z J 

Mar Freshw Res 38: 809-818. 

Shahidul Islam M, Tanaka M (2004) Impacts of pollution on coastal and marine 

ecosystems including coastal and marine fisheries and approach for 

management: a review and synthesis. Mar Pollut Bull 48:624-649 

Shea PJ (1989) Role of humified organic matter in herbicide adsorption. Weed 

Technol 3:190-197  

Short FT, Carruthers T, Dennison W, Waycott M (2007) Global seagrass 

distribution and diversity: A Bioregional model. J Exp Mar Biol Ecol 350:3-20 



References 

127 

 

Short FT, McRoy CP (1984) Nitrogen uptake by leaves and roots of the seagrass 

Zostera marina L. Bot Mar 27:547-555 

Short FT, Neckles HA (1999) The effects of global climate change on seagrasses. 

Aquat Bot 63:169-196 

Short FT, Short CA (1984) The seagrass filter: purification of estuarine and coastal 

waters. In: Kennedy V (ed.). The Estuary as a filter. Academic Press. Pp 395-

143 

Short FT, Willie-Echeverria S (1996) Natural and human-induced disturbance of 

eelgrass. Environ Conserv 23:17-27 

Solomon KR, Baker DB, Richards RP, Dixon KR, Klaine SJ, La Point TW, Kendall 

RJ, Weisskopf CP, Giddings JM, Giesy JP, Hall LW, Williams WM (1996) 

Ecological risk assessment of atrazine in North American surface waters. Environ 

Toxicol Chem 15:31-76 

Sponberg AF, Lodge D (2005) Seasonal belowground herbivory and density refuge 

from waterfowl herbivory for Vallisneria Americana. Ecology 86:2127-2134 

Sugimoto K, Hiraoka K, Ohta S, Niimura Y, Terawaki T, Osada M (2007) Effects 

of ulvoid (Ulva spp.) accumulation on the structure and function of eelgrass 

(Zostera marina L.) bed. Mar Pollut Bull 54:1582-1585 

Thayer GW, Bjorndal KA, Ogden JC, Williams SL, Zieman JC (1984) Role of 

large herbivores in seagrass communities. Estuaries 7:351-376 

Thimijan RW, Heins RD (1983) Photometric, radiometric, and quantum light units 

of measure:  a review of procedures for interconversion. HortScience 18:818-

822 

Tinkler E, Montgomery WI, Elwood RW (2009) Foraging ecology, fluctuating 

food availability and energetics of wintering Brent geese. J Zool 278:313-323 

Tolosa I, Readman JW, Blaevoet A, Ghilini S, Bartocci J, Horvat M (1996) 

Contamination of the Mediterranean (Cote d‟Azur) coastal waters by organotin 

and Irgarol 1051 in antifouling paints. Mar Pollut Bull 32:335-341 

Turner SJ, Schwarz AM (2006a) Biomass development and photosynthetic 

potential of intertidal Zostera capricorni in New Zealand estuaries. Aquat Bot 

85:53-64 

Turner SJ, Schwarz AM (2006b) Management and conservation of seagrass in 

New Zealand: an introduction. Science for Conservation report 264. 

Department of conservation, New Zealand 

Udy JW, Dennison WC (1997) Growth and physiological responses of three 

seagrass species to elevated sediment nutrients in Moreton Bay, Australia. J. 

Exp Mar Biol Ecol 217:253-277 



References 

128 

 

Udy JW, Dennison WC, Long WJL, McKenzie LJ (1999) Responses of seagrass to 

nutrients in the Great Barrier Reef, Australia. Mar Ecol Prog Ser 185:257-271 

Unsworth RKF, Taylor JD, Powell A, Bell JJ, Smith DJ (2007) The contribution of 

scarid herbivory to seagrass ecosystem dynamics in the Indo-Pacific. Est Coast 

Shelf Sci 74:53-62 

Valentine JF, Heck KL, Busby JJ, Webb D (1997) Experimental evidence that 

herbivory increases shoot density and productivity in a subtropical turtlegrass 

(Thalassia testudinum) meadows. Oecologia 112:193-200 

Valentine JF, Heck KL, Kirsch KD, Webb D (2000) Role of sea urchin Lytechinus 

variegatus grazing in the regulating subtropical turtlegrass Thalassia 

testudinum meadows in the Florida Keys (USA). Mar Ecol Prog Ser 200:213-

228  

van Katwijk MM, Vergeer LHT, Schmitz GHW, Roelofs JGM (1997) Ammonium 

toxicity in eelgrass Zostera marina. Mar Ecol Prog Ser 157:159-173 

Vazquez DP (2002) Multiple effects of introduced mammalian herbivores in a 

temperate forest. Biol Invasions 4:175-191 

Vergés A, Pérez M, Alcoverro T, Romero J (2008) Compensation and resistance to 

herbivory in seagrasses: induced responses to simulated consumption by fish. 

Oecologia 155:751-760 

Vermaat JE, Verhagen FCA (1996) Seasonal variation in the intertidal seagrass 

Zostera noltii Hornem: coupling demographic and physiological patterns. 

Aquat Bot 52:259-281 

Victor S, Golbuu Y, Wolanski E, Richmond RH (2003) Fine sediment trapping in two 

mangrove-fringed estuaries exposed to contrasting land-use intensity, Palau, 

Micronesia. Wetlands Ecol Manage 12:277-283 

Vitousek PM, Aber J, Howarth RW, Likens GE, Matson PA, Schindler DW, 

Schlesinger WH, Tilman GD (1997) Human alteration of the global nitrogen 

cycle: causes and consequences. Ecol Appl 7:737-750 

Ward TJ (1987) Temporal variation of metals in the seagrass (Posionia australis) 

and its potential as a sentinel accumulator near a lead smelter. Mar Biol 

95:315-321 

Waycott M, Duarte CM, Carruthers TJB, Orth RJ, Dennison C, Olyarnik S, 

Calladine A, Fourqurean JW, Heck KL, Hugues AR, Kendrick GA. Kenworthy 

WJ, Short FT, Williams SL (2009) Accelerating loss of seagrasses across the 

globe threatens coastal ecosystems. PNAS 106:12377-12381 

Weerasingje RU, Akiko S, Palitha J, Seiki T (2008) The role of the soil seed bank 

in vegetation recovery on an oceanic island severely damaged by introduced 

goat. Appl Vegetation Sci 11:355-364 



References 

129 

 

Williams M (1981) The demography of New Zealand's Cygnus atratus population. 

In Proceedings of the second international swan symposium, Sapporo, Japan. 

International Waterfowl Research Bureau, Slimbridge, UK 

Williams SL, Rucklshaus MH (1993) Effects of nitrogen availability and herbivory 

on eelgrass (Zostera marina) and Epiphytes. Ecology 74:904-918 

Worm B, Reush TBH, Lotze HK (2000) In situ nutrient enrichment: methods for 

marine benthic ecology. Internat Rev Hydrobiol 85:359-375 

Worthy TH, Holdaway RN (2002) The Lost World of the Moa: Prehistoric life of 

New Zealand. Indiana University Press. Indiana, USA 

Yockim RS, Isensee AR, Walker EA (1980) Behavior of Trifluralin in Aquatic 

Model Ecosystems. Bull. Environ. Contam Toxicol 24:134-141 

Zhang AQ, Leung KMY, Kwok KWH, Bao VWW, Lam MHW (2008) Toxicities 

of antifouling biocide Irgarol 1051 and its major degraded product to marine 

primary producers. Mar Pollut Bull 57:575-586 

Zhou JL, Fileman TW, Evans S, Donkin P, Mantoura RF, Rowland SJ (1996) 

Seasonal distribution of dissolved pesticides and polynuclear aromatic-

hydrocarbons in the Humber estuary and Humber coastal zone. Mar Pollut Bull 

32:599-608 

Zieman JC (1982) The Ecology of the Seagrasses of South Florida: A community 

profile. U.S. Fish and Wildlife Service 82/25 

Zieman JC, Fourqurean JW, Frankovich TA (1999) Seagrass die-off in Florida Bay: 

long term trends in abundance and growth of Turtle Grass, Thalassia testudium. 

Estuaries 22:460-470 

Zieman JC, Iverson RL, Ogden JC (1984) Herbivory effects on Thalassia 

testudinum leaf growth and nitrogen content. Mar Ecol Prog Ser 15:151-158 

 

 



 

130 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

131 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Virginie M. Dos Santos (2011) Impact of black swan grazing and anthropogenic 

contaminants on New Zealand seagrass meadows. PhD thesis, University of Waikato, 

Hamilton – New Zealand, 131 pp. 

 

dossantos.vm@gmail.com 


