
 

SEAGRASS ECOLOGY AND PHYSIOLOGY IN A 

LOCALLY AND GLOBALLY CHANGING ENVIRONMENT 

 
 

 

 

Owen W. Burnell 

Presented for the degree of Doctor of Philosophy 

School of Earth and Environmental Sciences 

The University of Adelaide, South Australia 

January 2014 

 

 

 

 



2 

 

Cover Image: A short-spined sea-urchin (Amblypneustes pallidus) within a 

seagrass meadow (Posidonia sp.). Photo credit: Owen Burnell 



3 

 

THESIS DECLARATION  

I certify that this work contains no material which has been accepted for the award 

of any other degree or diploma in my name, in any university or other tertiary 

institution and, to the best of my knowledge and belief, contains no material 

previously published or written by another person, except where due reference has 

been made in the text. In addition, I certify that no part of this work will, in the 

future, be used in a submission in my name, for any other degree or diploma in 

any university or other tertiary institution without the prior approval of the 

University of Adelaide and where applicable, any partner institution responsible 

for the joint-award of this degree. 

 

I give consent to this copy of my thesis when deposited in the University Library, 

being made available for loan and photocopying, subject to the provisions of the 

Copyright Act 1968. 

 

The author acknowledges that copyright of published works contained within this 

thesis (of which permission to reproduce is listed in Appendix C) resides with the 

copyright holder(s) of those works. 

 

I also give permission for the digital version of my thesis to be made available on 

the web, via the University’s digital research repository, the Library Search and 

also through web search engines, unless permission has been granted by the 

University to restrict access for a period of time. 

 

 

 

Owen Burnell 

January 2014 



4 

 

CONTENTS 

DECLARATION 3 

CONTENTS 4 

ABSTRACT 11 

ACKNOWLEDGEMENTS 13 

 

CHAPTER 1 – GENERAL INTRODUCTION    16 

1.1 Seagrasses and anthropogenic loss     17 

1.2 Changing abiotic conditions of global origin    20 

1.3 Changing biotic interactions of global origin   21 

1.4 Southern Australian seagrasses      23 

1.5 Changing biotic interactions of local origin    27 

1.6 The study of multiple stressors      31 

1.7 Scope and outline of the thesis      32 

 

CHAPTER 2 – ASYMMETRIC PATTERNS OF RECOVERY IN TWO 

HABITAT FORMING SEAGRASS SPECIES FOLLOWING 

SIMULATED OVERGRAZING BY URCHINS   35 

Preamble         37 

2.1 Abstract         38 

2.2 Introduction        39 

2.3 Materials & methods      41 



5 

 

2.3.1 Study region       41 

2.3.2 Field sampling      41 

2.3.3 Urchin grazing (Experiment 1)    42 

2.3.4 Grazing experiment statistical analyses   44 

2.3.5 Recovery from simulated grazing (Experiment 2)  44 

2.3.6 Partial removal treatment     45 

2.3.7 Recovery from simulated grazing statistical analyses 46 

2.4 Results        47 

2.4.1 Field sampling      47 

2.4.2 Grazing experiment (Experiment 1)    47 

2.4.3 Seagrass recovery from simulated grazing (Experiment 2) 50 

2.5 Discussion        57 

2.6 Conclusion        62 

 

CHAPTER 3 – NUTRIENT ENRICHMENT MODERATES TOP-DOWN 

CONTROL OF SEAGRASS BY SEA-URCHIN GRAZING 65 

Preamble         67 

3.1 Abstract         68 

3.2 Introduction        69 

3.3 Materials and methods      72 

3.3.1 Study site       72 

3.3.2 Experimental design      72 

3.3.3 Experimental sampling     74 

3.3.4 Seagrass parameters      74 

3.3.5 Leaf growth rates      75 



6 

 

3.3.6 Epiphyte cover       75 

3.3.7 Biochemical and physical properties of seagrass   76 

3.3.8 Statistical analyses      77 

3.4 Results        78 

3.4.1 Seagrass habitat      78 

3.4.2 Epiphyte cover       81 

3.4.3 Biochemical and physical properties of seagrass   81 

3.4.4 Water column nutrients     86 

3.5 Discussion 88 

3.6 Supplementary data       95 

 

CHAPTER 4 – CONTEMPORARY RELIANCE ON BICARBONATE 

ACQUISITION PREDICTS INCREASED GROWTH OF SEAGRASS 

AMPHIBOLIS ANTARCTICA IN A HIGH CO 2 WORLD   101 

Preamble         103 

4.1 Abstract         104 

4.2 Introduction         105 

4.3 Materials and methods       108 

4.3.1 Plant material       108 

4.3.2 Ci acquisition mechanisms     109 

4.3.3 Effects of CO2 on photosynthesis and growth  110 

4.3.4 Chlorophyll fluorescence     111 

4.3.5 Photosynthesis and respiration    112 

4.3.6 Growth       113 

4.3.7 Chlorophyll determination     113 



7 

 

4.4 Results          114 

4.5 Discussion          123 

4.6 Supplementary data       128 

 

CHAPTER 5 – SEAGRASS RESPONSE TO CO2 CONTINGENT ON EPIPHYTIC 

ALGAE: INDIRECT EFFECTS CAN OVERWHELM DIRECT EFFECT S 133 

Preamble          135 

5.1 Abstract         136 

5.2 Introduction         137 

5.3 Materials and methods       140 

5.3.1 Collection site and biology      140 

5.3.2 Experimental design       141 

5.3.3 CO2          143 

5.3.4 Light         143 

5.3.5 Biomass and growth parameters     144 

5.3.6 PAM Fluorometry       145  

5.3.7 Statistical Analyses       146 

5.4 Results          147 

5.4.1 Seagrass biomass       147 

5.4.2 Leaf growth        147 

5.4.3 Seagrass epiphytes       153 

5.4.4 Seagrass physiology       156 

5.4.5 Seagrass biochemistry       158 

5.5 Discussion         160 

5.6 Supporting information       166 



8 

 

CHAPTER 6 – EUTROPHICATION OFFSETS INCREASED SEA-

URCHIN GRAZING ON SEAGRASS CAUSED BY OCEAN 

WARMING AND ACIDIFICATION     172 

Preamble         174 

6.1 Abstract        175 

6.2 Introduction        176 

6.3 Materials and methods      179 

6.3.1 Temperature, pH and nutrient manipulation   182 

6.3.2 Statistical analyses      183 

6.4 Results        184 

6.5 Discussion        193 

 

CHAPTER 7 – GENERAL DISCUSSION     198 

7.1 Changing biotic interactions of local origin   200 

7.2 Changing abiotic conditions of global origin   203 

7.3 Changing biotic interactions of global origin   205 

7.4 Future research       209 

7.5 Conclusions        212 

 

REFERENCES        214 

 

 



9 

 

APPENDIX A – PREDICTING THE DISTRIBUTION OF 

COMMERCIALLY IMPORTANT INVERTEBRATE STOCKS 

UNDER FUTURE CLIMATE      257 

Preamble         258 

A.1 Abstract        259 

A.2 Introduction        259 

A.3 Materials and methods      260 

A.3.1 Species distribution models      260 

A.3.2 Sea surface temperature projections    260 

A.3.3 Abalone range projections      261 

A.3.4 Juvenile mortality – experimental methods    261 

A.4 Results        261 

A.5 Discussion         262 

A.6 Supporting information       266 

A.7 Acknowledgements        266 

A.8 Author contributions       266 

A.9 References         266 

 

APPENDIX B – SUSTAINABILITY IN NEAR-SHORE MARINE 

SYSTEMS: PROMOTING NATURAL RESILIENCE  268 

Preamble         269 

B.1 Abstract        270 

B.2 Introduction        270 

B.3 Synergistic effects and accelerated degradation    271 



10 

 

B.4 Promoting natural system resilience    272 

B.5 Conclusions        273 

B.6 Acknowledgements       274 

B.7 References        274 

 

APPENDIX C – PERMISSION TO REPRODUCE PUBLISHED 

MATERIAL        278 

 



11 

 

THESIS ABSTRACT 

Human beings can modify the abiotic conditions and biotic interactions that shape 

natural ecosystems. The primary aim of my thesis was to elucidate local- and 

global-scale anthropogenic changes of importance in shaping seagrass habitats, by 

examining how a number of both established and forecasted conditions can 

modify biotic interactions between seagrass and their consumers (i.e. grazing 

herbivores), as well as interactions between seagrass and their competitors 

(i.e. algal epiphytes). I approached this from both a top-down (i.e. consumer 

driven) and bottom-up (i.e. resource limitation) perspective.  

 

I begin by examining how urchin-epiphyte-seagrass interactions can modify 

habitat loss in local seagrass beds. This was motivated by the observation that the 

seagrass species Amphibolis antarctica appeared to suffer disproportionately 

under the influence of herbivore expansions. To this end, I found the recovery rate 

of the seagrass Amphibolis antarctica was much slower following grazing damage 

than contiguous meadows of Posidonia sinuosa, which appeared to result from the 

distinct morphological differences between these two seagrasses (i.e. elevated vs. 

basal meristems, respectively). Given these emerging urchin effects and the 

legacy of seagrass loss from nutrient enrichment, next I investigated how these 

processes (i.e. top-down vs. bottom-up) might interact to shape the maintenance 

or loss of seagrass habitats. I found that the independent negative effects of 

urchins and nutrients do not combine in an intuitive manner, but rather eutrophic 

conditions reduce the per capita grazing of urchins on seagrass, as they appear to 

acquire greater nutrition from increasing food quality.  
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After documenting these emerging local changes to seagrass, I examined how 

forecasted global changes, in particular increases in dissolved CO2 could modify 

future seagrass meadows. From a resource limitation perspective I examined the 

carbon physiology of three seagrass species, consistently finding they were reliant 

on energetically costly bicarbonate acquisition under contemporary CO2 

conditions. Subsequent growth experiments at enriched CO2 uncovered this 

contemporary limitation could translate to greater growth for seagrass under 

future CO2 due to lower energetic requirements for photosynthesis. However, I 

also examined the implications of changing CO2 resources on epiphyte-seagrass 

interactions, finding under certain abiotic conditions, such as high light, 

opportunistic epiphytes are strong competitors that could inhibit future seagrass 

growth. Finally using urchin-seagrass interactions as a simplified model 

ecosystem, I found global increases in both temperature and CO2 could increase 

top-down grazing control on seagrass meadows, as it appears the physiological 

demands on some grazing herbivores (i.e. ectotherms) could be greater in a high 

CO2 world.  

 

In conclusion, I add to the growing evidence for top-down grazer effects on 

seagrass, highlighting population expansions of urchins can drive strong, but 

variable, effects on seagrass, dependent upon species vulnerability and nutrient 

status of meadows. In reference to global change, I highlight the importance of 

biotic interactions in modifying the response of seagrass habitats to forecasted 

CO2 levels. Thus, the future of habitat-forming producers should not be inferred 

or assumed a priori, but requires rigorous tests of how anthropogenic change 

modifies the interactions between organisms across all trophic levels. 
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CHAPTER ONE 

 

GENERAL INTRODUCTION 

 

Anthropogenic impacts on natural environments continue to challenge our 

theoretical and applied understanding of ecosystem dynamics (Jackson, 2001, 

Vitousek et al., 1997). Identifying key drivers of habitat maintenance and loss is 

of critical importance for ecologists (Hughes et al., 2013), especially when 

widespread declines of primary producers cause temporary or permanent shifts to 

less productive states (Scheffer et al., 2001). Habitat-forming primary producers, 

such as mangroves, coral reefs, seagrasses and kelp-forests are the foundations of 

coastal productivity, with their degradation and loss impacting the host of 

ecosystem services they provide (Barbier et al., 2011, Costanza et al., 1997, Orth 

et al., 2006). Importantly, once these habitats are gone, feedbacks and the legacy 

of anthropogenic impacts often prohibit their recovery to pre-disturbance states 

(Scheffer et al., 2001, Schiel &  Lilley, 2011). 

 

Anthropogenic factors that drive widespread habitat loss in shallow near-shore 

environments transcend different marine biomes, such that benthic primary 

producers (i.e. coral reefs, algal-forests and seagrass meadows) all suffer from 

similar stressors. For example, local-scale changes such as land derived nutrient 

subsides and sedimentation from altered land use can shade primary producers, 

promote algal blooms, and inhibit the recovery of these sub-tidal habitats (Connell 

et al., 2008, Fabricius, 2005, Orth et al., 2006). Likewise, alterations to human 
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harvesting of large mammalian, reptilian, fish and invertebrate predators 

commonly modifies trophic food-web dynamics, often culminating in overgrowth 

of habitats by opportunistic algae or overgrazing by first-order consumers (Eklӧf 

et al., 2008, Estes &  Palmisan.Jf, 1974, Hughes, 1994). Greater uncertainty 

surrounds the effects of emerging global-scale changes, such as those associated 

with anthropogenic CO2 emissions. Frequently, opposing predictions range from 

negative to positive across different taxa. For example, increasing dissolved CO2 

concentrations that acidify the ocean have created concern regarding the direct 

negative effects on calcifying organisms (Hoegh-Guldberg et al., 2007, Orr et al., 

2005), but might also benefit some habitat-forming marine primary producers that 

are carbon limited in contemporary oceans (Harley et al., 2012, Koch et al., 2013). 

Similarly, warming of global oceans can drive bleaching and die-back of habitats 

with limited thermal tolerance ranges (Hughes et al., 2003, Jorda et al., 2012, 

Short &  Neckles, 1999), but such loss will not be ubiquitous to all taxa, as those 

species living within tolerance limits or that have the ability to adapt might 

undergo increases in productivity (Short &  Neckles, 1999). Importantly, such 

changes all reflect the dominance that humans now exert over natural ecosystems 

(Vitousek et al., 1997). 

 

1.1 SEAGRASSES AND ANTHROPOGENIC LOSS 

Seagrasses are submerged aquatic angiosperms that colonise well-illuminated 

soft-bottom habitats. Their distribution encompasses all of the world’s latitudinal 

climates (i.e. tropical, temperate & polar) (Green &  Short, 2003, Orth et al., 

2006). As ecosystems they form the foundations for coastal productivity in 

protected to moderately exposed marine waters (Short & Wyllie-Echeverria, 
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1996). Much of the carbon flux from seagrass ecosystems can also be attributed to 

the assemblages of epiphytic algae that colonise seagrass leaves (Silberstein et al., 

1986). As such, seagrass habitats provide ecosystem services and promote the 

maintenance of biodiversity by supporting trophic food-webs and important 

commercial fish species (Heck et al., 2008, Jackson et al., 2001, Sogard, 1992, 

Waycott et al., 2009). Their role in providing nutrient cycling, carbon 

sequestration and habitat stabilisation that limits turbidity and sedimentation all 

help to maintain optimal functioning of coastal ecosystems (Duarte et al., 2005, 

Orth et al., 2006, Russell et al., 2013, Touchette &  Burkholder, 2000). Seagrasses 

share one critical trait with humans; a natural propensity to inhabit protected and 

sandy coastlines. Concomitant with human population growth, almost a third of 

globally recorded seagrass meadows have been lost during the last 130 years 

(Waycott et al., 2009). In many instances seagrass meadows continue to decline 

(Waycott et al., 2009), which occurs despite the abatement of primary threats, 

e.g. reduction of nutrient inputs to coastal environments (Nayar et al., 2012). Of 

principal importance is that once certain seagrass habitats are lost, their slow 

natural recruitment and meadow expansion rates mean that regeneration can take 

decades to centuries to occur, if ever (Bryars &  Neverauskas, 2004, Irving, 2013, 

Kirkman &  Kuo, 1990), which is particularly common in many southern 

temperate species. 

 

Many established and emerging anthropogenic factors threaten to compound the 

decline of seagrass meadows over the coming decades (Duarte, 2002, Orth et al., 

2006, Short &  Wyllie-Echeverria, 1996). Seagrasses have a host of 

environmental requirements that control their physiological performance and 
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growth (Bulthuis, 1987, Short &  Neckles, 1999, Touchette &  Burkholder, 2000). 

Light for photosynthesis is critical for seagrasses, which due to their evolution 

from terrestrial plants, have a high energy demand to support below ground 

biomass (Dennison, 1987, Lee et al., 2007). Therefore, primary threats are often 

associated with increased light attenuation in marine habitats resulting from 

changes in terrestrial land use. Such activities create run-off, causing increases in 

turbidity and sedimentation that can shade and smother plants (Collier et al., 2012, 

Ralph et al., 2007). On a more localised scale, physical disturbances, such as 

dredging (Lavery et al., 2009), coastal development (Short &  Wyllie-Echeverria, 

1996), mining (Irving, 2013) and benthic anchorages (Walker et al., 1989) have 

all contributed to seagrass decline. Such direct physical mechanisms can also 

combine with ecological change to promote seagrass loss. Where terrestrial inputs 

increase coastal nutrient levels these subsidies can fuel blooms of free-living and 

epiphytic algae, which shade or colonise seagrass, in-turn competing for a number 

of finite resources (e.g. light, CO2 & nutrients) (Borowitzka et al., 2006, Bryars et 

al., 2011, Bulthuis &  Woelkerling, 1983, Sand-Jensen, 1977). Human harvesting 

of large predatory organisms (e.g. fish) can also modify top-down control in 

seagrass systems, enabling expansions of lower-order consumers to over-graze 

upon seagrass (Eklӧf et al., 2008). These locally driven processes (i.e. over-

harvesting and nutrient subsidies) commonly combine along urbanised coastlines 

to modify top-down (i.e. grazing) and bottom-up (i.e. nutrients) control (Hughes 

et al., 2013, Tewfik et al., 2005, Vitousek et al., 1997), which have long been of 

great fascination for ecologists in understanding habitat dynamics (Menge, 2000, 

Terborgh et al., 2001). 
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1.2 CHANGING ABIOTIC CONDITIONS OF GLOBAL ORIGIN  

On a global-scale imminent changes to seagrasses are centred on increasing levels 

of dissolved CO2 in the ocean that result from rising atmospheric CO2 (Koch et 

al., 2013, Short &  Neckles, 1999). While the negative environmental effects 

associated with increasing atmospheric CO2 have caused global concern for many 

organisms (Orr et al., 2005, Thomas et al., 2004, Thuiller et al., 2005), there is 

also evidence that many photosynthetic organisms will derive physiological 

benefits from a CO2-enriched world (Beer &  Koch, 1996, Curtis &  Wang, 1998, 

Wand et al., 1999). When angiosperms first entered the aquatic realm nearly 90 

million years ago atmospheric carbon dioxide (CO2) levels were much greater 

(approximately 3 - 7 times) than today (Beardall et al., 1998, Beer &  Koch, 1996, 

Berner &  Kothavala, 2001). In fact, higher CO2 is hypothesised to have played a 

role in facilitating the transition of flowering plants into the aquatic realm, 

because of the greater availability of dissolved CO2 to support aquatic 

photosynthesis (Beardall et al., 1998, Beer &  Koch, 1996).  

 

In present times, increasing levels of atmospheric CO2 are anticipated to benefit 

the physiology and growth of seagrasses by altering the concentrations of different 

dissolved inorganic carbon (Ci) forms used for photosynthesis (Bjӧrk et al., 1997, 

Koch et al., 2013). While many seagrass species use both dissolved CO2 and bi-

carbonate (HCO−3 ) for photosynthesis (Millhouse &  Strother, 1986), 

photosynthesis might be limited under contemporary Ci concentrations due to the 

inefficiency with which seagrasses utilise HCO−
3  and the extremely low 

concentrations of dissolved CO2 relative to HCO−
3 (Beer, 1989, Bjӧrk et al., 1997, 
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Lee et al., 2007, Touchette &  Burkholder, 2000). This is compounded by the 

slow diffusion rate of CO2 in water (10,000 times slower than in air) that can 

create significant boundary layer CO2 depletion around leaves (Prins &  Elzenga, 

1989). Seagrass responses to changing CO2 will be species-specific, owing to 

existing adaptations to utilise HCO−
3  for photosynthesis (Bjӧrk et al., 1997, Koch 

et al., 2013). Although there are few controlled long-term manipulations that 

examine growth, the available evidence to date predicts elevated CO2 will 

increase seagrass biomass or productivity, provided other factors (e.g. light, 

nutrients and habitat availability) do not become limiting (Alexandre et al., 2012, 

Campbell &  Fourqurean, 2013a, Hall-Spencer et al., 2008, Jiang et al., 2010, 

Palacios &  Zimmerman, 2007). Although, there remains few accounts of how 

CO2 might indirectly modify ecological outcomes in seagrass habitats if such 

changes also impact the physiology and growth of competing primary producers 

or herbivores that graze seagrass. 

 

1.3 CHANGING BIOTIC INTERACTIONS OF GLOBAL ORIGIN 

Understanding changes to biotic interactions from CO2 is needed given the 

importance of top-down grazing effects (e.g. keystone echinoderms) and bottom-

up resource effects (e.g. algal vs. seagrass growth) in modifying habitats (Eklӧf et 

al., 2008, Thomsen et al., 2012). Studies of forecasted CO2 across terrestrial and 

marine systems indicate such shifts in resources might benefit those plants which 

are strong competitors, meanwhile inhibiting others via interactive processes such 

as shading (Falkenberg et al., 2012, Reekie &  Bazzaz, 1989). Seagrass-epiphyte 

systems are known to display such ecology-mediated responses whereby coastal 
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nutrient enrichment, which theoretically could benefit both seagrass and epiphytes 

by releasing them from nutrient limitation (Kelaher et al., 2013), typically causes 

disproportionate increases in epiphyte proliferation that results in seagrass 

overgrowth and decline (Bryars et al., 2011, Orth et al., 2006, Silberstein et al., 

1986, Walker &  McComb, 1992). While physiology predicts the direct benefits 

of CO2 enrichment for seagrass could exceed those for algae (Beer &  Koch, 

1996), purely physiological studies might have temporal constraints that do not 

reconcile changing ecological interactions, such as those between seagrass and 

their algal epiphytes. Importantly, any increase in epiphyte cover due to CO2 

enrichment has the potential to accelerate global seagrass loss (Short &  Neckles, 

1999). 

 

The effects of global change will not be limited to interactions between primary 

producers, but also interactions across different trophic levels. Concurrent 

warming and acidification of global oceans will affect the physiology of 

organisms that graze upon primary producers (Calosi et al., 2013, Kordas et al., 

2011). For example, warmer waters are predicted to increase the metabolic 

demands of grazers and thus promote greater consumption of primary producers 

(Hillebrand et al., 2009, O'Connor, 2009). In contrast, CO2-induced acidification 

appears to have variable effects on grazers, particularly those such as echinoderms 

that produce calcium carbonate shells (Dupont et al., 2010). Calcifiers could be 

subject to CO2 induced dissolution or a reduction in synthesis of shell material 

(Courtney et al., 2013, Orr et al., 2005, Ries et al., 2009), therefore it has been 

suggested acidification will disrupt biological processes such that feeding ability 

and opportunities may be reduced (e.g. exo-skeletal structural damage, increased 
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predator avoidance and damage to feeding parts) (Bibby et al., 2007, Marchant 

et al., 2010, Wood et al., 2008), but in other instances metabolic demands 

associated with physiological maintenance under acidified conditions might 

elevate energetic requirements and thus grazing (Gooding et al., 2009, Li et al., 

2013). These direct effects on grazing herbivores will not act independently, but 

may also be modified if global changes create resources shifts in food quality 

(Falkenberg et al., 2013b). Such direct changes on herbivore physiology and 

indirect influences on food sources will have important implications for top-down 

processes that shape habitats. 

 

1.4 SOUTHERN AUSTRALIAN SEAGRASSES 

In southern Australia the primary sub-tidal habitat-forming seagrasses in Gulf St 

Vincent (Fig. 1.1) come from two genera, Amphibolis and Posidonia, although it 

should be mentioned for completeness that there are two other genera also 

commonly found (i.e. Halophila & Zostera), but these are more prevalent in 

estuarine, shallow, deep or disturbed habitats (Bryars et al., 2008). Therefore, 

Amphibolis and Posidonia are largely the two climax genera which can form 

dense long-lived sub-tidal seagrass meadows, with Amphibolis sometimes acting 

as an earlier coloniser that paves the way for Posidonia (Bryars et al., 2008, 

Shepherd &  Sprigg, 1976). The genus Amphibolis which is endemic to southern 

Australia has two species, Amphibolis antarctica and Amphibolis griffithii, the 

latter of which is relatively rare in the semi-protected waters of Gulf St Vincent 

(Shepherd &  Sprigg, 1976). In comparison, Posidonia has three species that are 

common to Gulf St Vincent, which constitute the australis complex. These two 

genera of seagrasses are often found in contiguous or interspersed mixed 
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meadows (Bryars &  Rowling, 2009), particularly P. sinuosa and A. antarctica 

(Cambridge &  Kuo, 1979). In addition to some differences in distribution, the 

structural and morphological differences between these two genera are significant. 

Amphibolis spp. have an upright woody vertical shoot, with a number of short 

shoots and leaf heads on each stem, whereas the above ground biomass of 

Posidonia spp. consists entirely of strap like leaves (Fig. 1.2). Thus, the leaf 

meristems of Amphibolis spp. are elevated in the seagrass canopy, whereas those 

of Posidonia spp. are basal and protected in the sediment. For a more in depth 

descriptions of these two genera see Marbà and Walker (1999).  
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Figure 1.1 Gulf St Vincent, South Australia, including the primary metropolitan 

centre of Adelaide (approx. pop. of 1.2 million) and the three sites where 

seagrasses were collected or studied in situ, including Grange, Marino & Lady 

Bay.  
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Figure 1.2 The differing morphology of the two primary sub-tidal habitat-forming 

genera of seagrass from southern Australia. Above: An Amphibolis antarctica 

meadow. Below: A Posidonia sp. meadow. Photo credits: Owen Burnell. 

Illustrations: Tracey Saxby, Integration and Application Network, University of 

Maryland Center for Environmental Science (ian.umces.edu/imagelibrary/).  
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1.5 CHANGING BIOTIC INTERACTIONS OF LOCAL ORIGIN 

In seagrass habitats limited direct grazing upon leaves has traditionally led to the 

application of a bottom-up paradigm to describe the structuring and maintenance 

processes for these systems (Valentine &  Duffy, 2006). Similarly, in many 

regions of southern Australia top-down grazing control of habitats is generally 

considered to be of relatively minor influence, including kelp-forests and 

seagrasses (Bulleri et al., 2012, Edgar &  Shaw, 1995, Fowler-Walker &  Connell, 

2002). For seagrasses there are few accounts of significant fish grazing (Edgar &  

Shaw, 1995, Wressnig &  Booth, 2008), some isolated cases of macro-

invertebrate grazing (Cambridge et al., 1986, Kendrick et al., 2002, Langdon et 

al., 2011, Larkum &  West, 1990) and certainly no large mammalian or reptilian 

herbivores (e.g. dugongs and turtles) that are of greater consequence in tropical 

and sub-tropical regions (Thayer et al., 1984, Valentine &  Heck, 1991). Top-

down herbivore driven events are more commonly documented worldwide for 

grazing on sub-tidal rocky reefs, where increased sea-urchins densities can cause 

phase-shifts from highly productive macro-algal forests to relatively unproductive 

barrens (Chapman &  Johnson, 1990, Estes &  Palmisan.Jf, 1974, Ling et al., 

2009, Pearse, 2006). Once established these barrens can inhibit the recovery of 

macro-algae as urchins consume algal re-colonisers (Leinaas &  Christie, 1996) 

and other physical feedbacks, such as sedimentation limit recruitment success 

(Valentine &  Johnson, 2005). However, evidence for top-down grazing 

influences in seagrass meadows is accumulating worldwide with documented 

cases increasing over recent decades (Eklӧf et al., 2008, Orth et al., 2006, 

Valentine &  Duffy, 2006). An emerging local threat in a southern Australian 

seagrass meadow suggests grazing of seagrasses by the urchin Amblypneustes 
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pallidus can denude habitats to a point of impairment where a temporary or 

permanent phase-shift from a healthy seagrass canopy to bare sand and dead 

shoots can occur (Fig. 1.3). Further to this, morphological traits such as those 

evident in the genus Amphibolis (i.e. elevated meristems) are known to mediate 

the vulnerability of other similar seagrass species to lasting top-down grazing 

effects (Alcoverro &  Mariani, 2002). Such top-down grazer effects are defined as 

overgrazing where herbivory exceeds growth or in cases where plant fitness is 

significantly reduced (Eklӧf et al., 2008). Importantly, such occurrences of 

overgrazing worldwide are particularly common in disturbed regions where 

changes in nutrients or overfishing modify seagrass-epiphyte-urchin interactions 

(Eklӧf et al., 2008, Ruíz et al., 2009, Walker &  McComb, 1992).  
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Figure 1.3 Contrasting damage to different seagrasses from sea-urchin grazing, 

Above: An Amphibolis antarctica meadow that has been heavily grazed by 

urchins; only dead shoots and detritus remain. Below: A Posidonia sp. meadow 

with aggregations of short-spined urchins Amblypneustes pallidus. Photo credits, 

Above: Andrew Irving; Below: Owen Burnell 
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Anthropogenic nutrient enrichment has been responsible for widespread declines 

in seagrass meadows (Walker &  McComb, 1992, Waycott et al., 2009). While 

such declines commonly result from blooms of free-living and epiphytic algae that 

shade and smother seagrass (Bryars et al., 2011, Short &  Wyllie-Echeverria, 

1996, Walker &  McComb, 1992), observations in eutrophic meadows suggest 

urchin grazing can be more prolific, such that it appears the combination of these 

changes often culminates in overgrazing (Eklӧf et al., 2008, Kirkman &  Young, 

1981, Ruíz et al., 2001, Ruíz et al., 2009, Walker &  McComb, 1992). However, 

grazing has traditionally received relatively less recognition as a direct driver of 

habitat loss; more often renowned for its indirect benefits as herbivores remove 

potentially damaging epiphytes (Hughes et al., 2004, McGlathery, 1995, 

Valentine &  Duffy, 2006) or graze older seagrass leaves incidentally as these are 

often heavily covered with epiphytes (Wressnig &  Booth, 2007). Such selective 

consumption might occur as urchins can obtain a high proportion of their 

nutritional requirements from epiphytes and epibiota growing on seagrass leaves, 

particularly in eutrophic meadows (McGlathery, 1995, Prado et al., 2010, Ruíz 

et al., 2009, Tewfik et al., 2005), therefore, in many instances epiphytes might 

reduce or redirect grazing impacts away from seagrass leaves (McGlathery, 1995, 

Tewfik et al., 2005, van Montfrans et al., 1984, Yamamuro, 1999). In some 

instances it appears that urchins only switch diets to seagrass leaves once more 

nutritious algal sources are exhausted (McGlathery, 1995). Nonetheless, evidence 

for the direct grazing on seagrasses continues to accumulate, suggesting the 

ingestion of these plants can contribute significantly to herbivore nutrition 

(Valentine &  Duffy, 2006, Valentine &  Heck, 1999). Thus, eutrophication might 

modify the structural and chemical composition of seagrass tissue, which 
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indirectly modifies herbivore grazing (de los Santos et al., 2012, Vergés et al., 

2011, Vergés et al., 2007b). The complexity of such interactions (seagrass-

nutrient-epiphyte-urchin) in natural meadows means there is still much to learn 

about what drives changes in per capita and population grazing effects. A better 

understanding of how nutrient enrichment interacts with herbivory might shed 

light on the reasons for urchin overgrazing events. 

 

1.6 THE STUDY OF MULTIPLE STRESSORS 

Understanding how local- and global-scale changes combine will enable better 

forecasts of habitat loss or maintenance (Russell et al., 2009). Importantly, 

interactions between changing conditions may have a synergistic, antagonistic or 

ameliorative nature, whereby predictions based on independent or additive studies 

could misrepresent net impacts (Darling et al., 2010, Folt et al., 1999, Guinotte &  

Fabry, 2008, Przeslawski et al., 2005, Reynaud et al., 2003). Non-linear effects 

and interactions between stressors makes forecasting such responses inherently 

difficult, but research of this nature is important given most studies in marine 

systems report such outcomes (Crain et al., 2008). For example, in sub-tidal algae 

communities, CO2 induced acidification is anticipated to deliver benefits to algal 

growth, but opposing negative effects from warming might act concurrently 

ameliorating any benefit, the complexity of which is even greater in systems with 

significant competitive interactions and trophic forces (Harley et al., 2012). Such 

forecasted opposing effects will also occur for abiotic changes in seagrass 

meadows, further complicated by the effect of changing biotic interactions, such 

as overgrowth by algal epiphytes and grazing by keystone echinoderms, which 

can both inhibit seagrass meadows. 
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1.7 SCOPE AND OUTLINE OF THE THESIS 

This thesis summarises my doctoral research regarding Seagrass ecology and 

physiology in a locally and globally changing environment, focussing upon 

abiotic conditions and biotic interactions that can modify seagrass habitats. The 

thesis focus predominantly on the seagrass species Amphibolis antarctica, which 

is endemic to southern Australia and has experienced great declines over the 

preceding century (Bryars et al., 2011, Walker &  McComb, 1992). Firstly, I 

examine how the grazing of a sea-urchin poses a contemporary threat in local 

seagrasses. Next, I consider the carbon physiology of seagrasses with reference to 

its implications for the future productivity and growth of seagrass in response to 

increasing CO2. I then examine how a critical biotic interaction in seagrass 

meadows (i.e. seagrass and their algal epiphytes) could be modified by CO2 and 

light, which are two of the most commonly limiting abiotic conditions for 

seagrasses. Finally, I use seagrass-urchin interactions as a model system to 

identify how local- and global-scale changes (i.e. nutrients, warming and CO2) 

could modify grazing loss. The specific aims were: 

 

1. To quantify the grazing impact of the sea-urchin Amblypneustes pallidus on 

two different seagrass species from the most common habitat-forming sub-tidal 

genera in southern Australia (i.e. Amphibolis and Posidonia), based on their loss 

and recovery rate. 

2. To test if the negative effects of nutrient enrichment on seagrasses 

(i.e. epiphytic overgrowth) could be weakened by sea-urchin grazing. Thus an 

antagonistic interaction might emerge where greater food quantity or quality 
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(i.e. bottom-up effects) could reduce direct grazing impacts (i.e. top-down effects) 

on seagrass habitats. 

3. To quantify the usage of energetically costly bicarbonate for photosynthesis 

by seagrass from the genera Amphibolis and Posidonia, and test implications for 

photosynthetic efficiency and growth under forecasted future CO2.  

4. To test if epiphyte growth could modify the predicted direct benefits of 

forecasted CO2 for seagrass under conditions where epiphyte growth is favoured 

(i.e. high light). 

5. To test how local- and global-scale change to abiotic conditions 

(i.e. nutrients, warming and CO2) could combine to modify sea-urchin grazing in 

future seagrass meadows. 

 

While each of these research aims is addressed in a different thesis chapter and 

forms an independent body of work, the logical sequence begins with locally 

significant biotic interactions in seagrass meadows (i.e. urchin population 

expansions), transitioning to globally derived changes which are forecast 

primarily as a result of greater atmospheric CO2 (i.e. warming and CO2). 

Collectively, this thesis builds upon our understanding of the many abiotic and 

biotic factors that can influence seagrass habitat abundance, both now and in the 

future. 
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Asymmetric patterns of recovery 

Above: A cleared plot of Amphibolis antarctica shows little recovery after eight 

weeks. Below: A cleared plot of Posidonia sinuosa is almost indistinguishable 

eight weeks after clearance.  

Photo credits: Owen Burnell 
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PREAMBLE 

Chapter 2 was motivated by Andrew D. Irving, who observed the often 

inconspicuous sea-urchin Amblypneustes pallidus in large aggregations and 

inflicting significant damage to the seagrass Amphibolis antarctica. The chapter is 

a reproduction of a co-authored manuscript published in the Journal of 

Experimental Marine Biology and Ecology, and therefore is written in plural 

throughout and uses the journal formatting. The paper is primarily written for a 

global audience with an interest in grazing ecology and how this can interact with 

species-specific morphology and recovery. The manuscript can be cited as:   

 

Burnell OW, Connell SD, Irving AD, Russell BD (2013) Asymmetric patterns of 

recovery in two habitat forming seagrass species following simulated 

overgrazing by urchins. Journal of Experimental Marine Biology and 

Ecology, 488: 114-120. 

 

 

 

 

 

 

 



38 

 

CHAPTER TWO 

 

ASYMMETRIC PATTERNS OF RECOVERY IN TWO 

HABITAT FORMING SEAGRASS SPECIES FOLLOWING 

SIMULATED OVERGRAZING BY URCHINS 

 

2.1 ABSTRACT  

The persistence of seagrass meadows reflects variation in factors that influence 

their productivity and consumption. Sea-urchins (Amblypneustes pallidus) can 

over-graze seagrass (Amphibolis antarctica) to create sparse meadows in South 

Australia, but this effect is not observed in adjacent Posidonia sinuosa meadows 

despite greater densities of inhabiting urchins. To test the effect of urchin grazing 

on seagrass biomass, we elevated the density of urchins in meadows of 

A. antarctica and P. sinuosa and quantified seagrass decline. Urchins removed 

similar amounts of biomass from both seagrass species, but the loss of leaf 

meristems was 11-times greater in A. antarctica than P. sinuosa. In a second 

experiment to assess the recovery of seagrass, we simulated urchin grazing by 

clipping seagrass to mimic impacts measured in the first experiment, as well as 

completely removing all above ground biomass in one treatment. Following 

simulated grazing, P. sinuosa showed a rapid trajectory toward recovery, while 

A. antarctica meadows continued to decline relative to control treatments. While 

both A. antarctica and P. sinuosa were susceptible to heavy grazing loss, 

consumption of the exposed meristems of A. antarctica appears to reduce its 



39 

 

capacity to recover, which may increase its vulnerability to long-term habitat 

phase-shifts and associated cascading ecosystem changes. 

 

2.2 INTRODUCTION 

Species that create widespread habitats provide the foundations for entire 

ecological systems (Barbier, et al., 2011), but tend to be susceptible to 

disturbances that increase their consumption relative to productivity (Connell, 

et al., 2011; Steneck, et al., 2002). This disruption to the balance between 

productivity and consumption is perhaps most renown along sub-tidal rocky 

coasts where sea-urchins can overgraze kelp forests to create ‘barrens’ (Chapman 

and Johnson, 1990; Ling, et al., 2009; Pearse, 2006). Overgrazing can occur 

where the rate of herbivory exceeds the rate of plant productivity for sustained 

periods, resulting in diminished ecosystem functions (Eklӧf, et al., 2008).  In 

seagrass meadows, overgrazing by urchins can cause phase-shifts to bare habitats 

(Eklӧf, et al., 2008; Rose, et al., 1999), which can impact coastal productivity, 

biodiversity, food-webs, sediment stabilisation, turbidity, nutrient cycling, and 

carbon sequestration (Duarte, 2002; Orth, et al., 2006). Such impacts may be 

persistent given that many species can take decades to centuries to recover from 

disturbance (Bryars and Neverauskas, 2004; Kirkman and Kuo, 1990; Irving, 

2013). 

 

On southern Australian coasts, the seagrasses Amphibolis spp. and Posidonia spp. 

can form extensive co-occurring habitats on moderately wave-exposed shores 

(Bryars and Rowling, 2009; Shepherd and Womersley, 1981). Widespread 

historical losses (Walker and McComb, 1992), limited re-colonisation (Bryars and 
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Neverauskas, 2004; Kendrick, et al., 2002; Irving, 2013), and slow meadow 

expansion rates (Marbà and Walker, 1999) have demonstrated the susceptibility of 

these seagrasses to natural and anthropogenic impacts. Among natural effects, 

overgrazing has been observed but appears to disproportionately impact 

Amphibolis antarctica (author’s pers. obs.), possibly because it is a species that 

produces a canopy of accessible meristematic leaf clusters while Posidonia spp. 

meristems are protected below ground (Alcoverro and Mariani, 2002; Marbà and 

Walker, 1999; Short and Duarte, 2001).  

 

The purpose of this study was to determine how sea-urchin grazing causes the loss 

and affects the recovery of the seagrasses A. antarctica and Posidonia sinuosa. In 

southern Australia, the short-spined sea-urchin Amblypnuestes pallidus can over-

graze A. antarctica with little to no recovery for at least 3 years (author’s pers. 

obs.). However, grazing effects on P. sinuosa, which often co-exist in mixed or 

adjacent meadows with A. antarctica, appear less pronounced despite urchins 

often occurring in greater densities in P. sinuosa. We experimentally tested the 

hypothesis that a fixed density of A. pallidus would disproportionately impact the 

biomass of A. antarctica relative to P. sinuosa. In a second experiment we tested 

the hypothesis that P. sinuosa would show greater recovery than A. antarctica 

following simulated grazing damage.  
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2.3 MATERIALS & METHODS 

2.3.1 Study region 

All experiments were done at Lady Bay (35°28.036 S, 138°17.198 E), 

approximately 70 km South-West of the city of Adelaide, South Australia. 

Seagrass meadows in this region are largely intact and unaffected by 

anthropogenic impacts more common to the Adelaide metropolitan coastline 

(e.g. eutrophication). Meadows comprise a mosaic of P. sinuosa, 

Posidonia angustifolia and A. antarctica, interspersed by small rocky 

outcroppings and sand patches. The short-spined sea-urchin A. pallidus is a small 

(i.e. 2 - 4 cm) and often inconspicuous seagrass grazer that is normally sparsely 

distributed but occasionally greatly exceeds background densities (author’s pers. 

obs.). All sampling was done between depths of 4 - 5.5 m.  

 

2.3.2 Field sampling 

Approximately three months after a sea-urchin overgrazing event in A. antarctica 

meadows during February 2010, seagrasses were sampled within affected and 

unaffected meadows. Meadows were defined as ‘affected’ where urchins had been 

observed actively grazing seagrass and there was clear evidence of defoliation and 

dead shoots. Meadows were defined as ‘unaffected’ where urchins had not been 

observed grazing seagrass and there was limited evidence of defoliation or dead 

shoots. Five 0.0625 m2 quadrats of A. antarctica were harvested at the substratum, 

transported on ice under dark conditions and frozen for later analysis of above 

ground biomass and shoot density.  
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As no conspicuous effects of grazing were observed in P. sinuosa meadows, we 

tested for a relationship between urchin and P. sinuosa biomass, on three different 

dates, from December 2011 to March 2012. At four sites, each separated by a 

minimum of 1 km, urchin abundance was counted in five 10 × 1 m transects. 

Twenty urchins were then haphazardly collected and weighed while wet to 

estimate total biomass m-2. Five 0.0625 m2 quadrats of P. sinuosa were then 

harvested at the substratum to quantify above ground biomass. We undertook the 

same sampling procedure in nearby A. antarctica meadows, however, urchin 

numbers were so low (zero at 66% of sites) that no relationship could be 

established, therefore only average urchin densities are presented. 

 

2.3.3 Urchin grazing (Experiment 1) 

Manipulative experiments testing the effect of A. pallidus grazing on seagrass 

biomass were done within nearby mono-specific meadows of A. antarctica and 

P. sinuosa, where the naturally occurring urchin populations observed during the 

experimental period (March to August 2011) were zero. For each seagrass species, 

fifteen experimental plots were randomly interspersed over 500 m2 to separate 

plots by at least four meters. Five plots were designated as treatments of elevated 

grazing by adding two urchins within a wire mesh cage anchored by fence 

droppers (mesh size 0.02 × 0.02 m, cage size 0.4 × 0.4 × 0.4 m) to create urchin 

densities within the natural range observed at Lady Bay (12.5 m-2; average wet 

urchin biomass = 29.45 ± 0.40 g). Urchins were collected from nearby beds of 

Posidonia spp. and A. antarctica, with weekly replacement of dead individuals if 

necessary. A procedural control was established in another five plots of each 

species using a partial cage to test for caging artefacts on seagrass. The remaining 
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five plots were un-manipulated and served as controls. Cages were cleaned of 

algal growth weekly. One grazing replicate from each species of seagrass was lost 

due to storm damage during June. These treatments were not replaced.  

 

Destructive sampling of seagrass was done at 82 and 169 days. Small 0.01 m2 

samples of seagrass (i.e. 6 % of experimental plots) were harvested after 82 days 

and their location marked to prohibit re-sampling. Larger 0.0625 m2 samples were 

taken after 169 days. Above ground biomass was harvested at the substratum, 

transported on ice under dark conditions and frozen for later measurement of 

above ground leaf biomass, meristem survival and grazing damage. Below ground 

biomass was only sampled at the conclusion of the experiment (i.e. 169 days) by 

excavating roots and rhizomes in 0.0625 m2 quadrats to a depth of 20 cm. 

 

Seagrass biomass was measured by removing any fleshy epiphytes with a razor 

blade, rinsing in MilliQ water to remove salts and sediment, and then drying at 

60°C for 48 h. For A. antarctica, vertical rhizomes and leaves were separated 

prior to drying to determine above ground leaf biomass in grams of dry weight per 

square metre (gdw m-2). Leaf meristems were counted in A. antarctica if the 

apical meristem was intact on each leaf cluster, determined by the survival of the 

youngest leaf in the cluster. Leaf meristems of P. sinuosa were counted if sheaths 

contained at least one living leaf. In the final samples all A. antarctica shoots were 

classified as either alive (i.e. containing living meristems) or dead. As urchins can 

graze A. antarctica directly at the shoot, this was the best way to estimate rates of 

grazing damage. For P. sinuosa 20 individual leaves were selected and the leaf 

tips identified as grazed if possessing an apex consistent with urchin grazing scar.  
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2.3.4 Grazing experiment statistical analyses 

Repeated measures ANOVA was used to compare the effects of grazing and 

seagrass species on leaf biomass for both the halfway (82 day) and final (169 day) 

sampling dates of the grazing experiment using SPSS. Urchin grazing, seagrass 

species (between subject factors) and time (within subject factor) were treated as 

fixed. Halfway and final above ground leaf biomass were fourth-root transformed 

to satisfy the assumption of homogeneity of variances and normality, which were 

analysed using Levene’s test and Shapiro-Wilk’s test, respectively. Sphericity 

could not be evaluated as there were only two levels of the repeated measure time.  

 

Two-factor ANOVA was used to test for the effects of urchin grazing and 

seagrass species on below ground biomass, meristem survival and grazing damage 

using PERMANOVA+ for Primer v6. Urchin grazing and seagrass species were 

treated as fixed factors in the orthogonal design. Cochran’s C-test was used to test 

for homogeneity of variance prior to analysis. Below ground biomass and 

meristem survival violated the assumption of homogeneity of variance, therefore 

data was log-transformed prior to analysis. Grazing damage was ArcSin (%) 

transformed prior to analysis. Pairwise tests were used where significant 

interactions terms were detected. 

 

2.3.5 Recovery from simulated grazing (Experiment 2) 

To quantify seagrass recovery from overgrazing, urchin grazing was simulated in 

both A. antarctica and P. sinuosa using scissors to clip above ground biomass. 

The recovery experiment was completed in different mono-specific beds of 

A. antarctica and P. sinuosa adjacent to where the grazing experiment was 
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undertaken. Three treatments were established: control (no biomass removed), 

partial removal (removal equal to the urchin effects sampled in the grazing 

experiment; see section 2.6) and complete removal (100 % removal of above 

ground biomass). Five replicate plots 0.4 × 0.4m (0.16 m2) for each treatment 

were established in both seagrass species, randomly interspersed over a 500 m2 

area for each species and marked using star droppers. The experiment commenced 

seven weeks after the grazing experiment and continued for 109 days from 

October 2011 to January 2012, after which above ground biomass was harvested 

by destructively sampling within 0.0625 m2 quadrats before processing seagrass, 

as described above.   

 

2.3.6 Partial removal treatment 

Due to the different morphologies of Amphibolis spp. and Posidonia spp. unique 

removal techniques were utilised to accurately replicate grazing loss for each 

species. While Amphibolis spp. have woody vertical rhizomes, with a number of 

short shoots and leaf heads on each stem, the above ground biomass of Posidonia 

spp. consists entirely of strap like leaves. For a detailed summary of the 

morphology of these species see Marbà and Walker (1999). Because urchins can 

remove either entire or partial sections of vertical rhizomes and leaves, clipping of 

both entire and partial vertical rhizomes (A. antarctica) and leaves (P. sinuosa) 

was required to accurately replicate grazing loss. Firstly, clipping of entire vertical 

rhizomes (A. antarctica) and leaves (P. sinuosa) at the substrate was undertaken 

to match loss recorded between control and urchin grazing treatments in 

Experiment 1. Secondly, clipping of individual leaf heads (A. antarctica) and 

partial leaves (P. sinuosa) was undertaken to account for the removal of partial 
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vertical rhizomes and leaves from Experiment 1. For each experimental plot 

(0.4 × 0.4m) in A. antarctica, 90 entire vertical rhizomes (560 m-2) at an average 

0.19 gdw vertical rhizome-1 and 132 individual leaf heads (825 m-2) at an average 

0.07 gdw leaf head-1 were removed for a total removal of 26.28 gdw plot-1 

(164.2 g m-2). For each experimental plot (0.4 × 0.4m) in P. sinuosa 197 entire 

leaves (1232 m-2) at an average of 0.06 gdw leaf-1 and 435 partial leaves   

(2720 m-2) at an average of 0.03 gdw partial leaf-1 were removed for a total 

removal of 24.77 gdw plot-1 (154.8 g m-2). Average weights of vertical rhizomes 

and leaf heads (A. antarctica) and leaves (P. sinuosa) were calculated from 

Experiment 1. 

 

2.3.7 Recovery from simulated grazing statistical analyses 

Two-factor ANOVA was used to test for the effects of simulated grazing and 

seagrass species on seagrass recovery using PERMANOVA+ for Primer v6. 

Species and simulated grazing were treated as fixed factors. Partial removal and 

complete removal treatments were compared independently of one another against 

controls in two separate analyses. This approach was taken as the partial removal 

treatment tested urchin effects from Experiment 1 (i.e. different pre-recovery 

biomass for each species) whereas the complete removal tested simulated grazing 

of all above ground biomass (i.e. identical pre-recovery biomass for each species). 

Cochran’s C-was used to test for homogeneity of variance prior to analysis of 

variance. Pairwise tests were used where significant interaction terms were 

detected. 

 

 



47 

 

2.4 RESULTS 

2.4.1 Field sampling 

Sampling of A. antarctica meadows following observations of elevated 

A. pallidus densities suggested that urchins may have been responsible for the loss 

of > 83 % of above ground biomass (133.2 v. 21.7 gdw m-2) and > 96 % of living 

shoot density (360.6 v. 12.8 shoots m-2) in un-affected v. affected meadows. While 

P. sinuosa meadows appeared un-impacted by urchin grazing during our initial 

observations, we later sampled a highly variable negative relationship between 

urchin and P. sinuosa biomass, with regression coefficient values ranging between 

0.11 ≥ r2 ≥ 0.90 over three sampling dates. The maximum density of urchins 

recorded in P. sinuosa across the three sampling dates and sites was 

8.76 ± 0.50 m-2, with mean densities of 1.03 ± 0.78 m-2, although densities as high 

as 34.6 ± 3.88 m-2 were recorded two months prior to the first sampling date. 

During the same period in nearby A. antarctica meadows, urchin densities did not 

exceed 0.70 ± 0.11 m-2, with mean densities of 0.12 ± 0.11 m-2. 

 

2.4.2 Grazing experiment (Experiment 1) 

Urchin grazing reduced the above ground leaf biomass of A. antarctica and 

P. sinuosa. After 169 days there was no difference in the remaining leaf biomass 

between the two species (Fig. 2.1A,B Table 2.1), while, the rate of decline 

appeared faster in P. sinuosa than in A. antarctica; this effect was not significant 

in the repeated measures ANOVA (Table 2.1, Time × Species × Grazing 

interaction). The procedural controls had no effect on the leaf biomass of seagrass 

at either halfway or final sampling point (Fig. 2.1A, B, Table 2.1). 
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A   Amphibolis antarctica

B   Posidonia sinuosa
Control
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Grazing

Halfway                                             Final  

Figure 2.1 The effect of sea-urchins Amblypneustes pallidus (control, procedural 

control v. grazing) on the halfway (82 days) and final (169 days) above ground 

leaf biomass (A. Amphibolis antarctica; B. Posidonia sinuosa) of seagrasses 

(gdw m-2). Bars indicate the mean and standard error. 
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Table 2.1 Repeated measures analysis of variance comparing the effect of urchin 

grazing (control, procedural control v. grazing), seagrass species (Amphibolis 

antarctica v. Posidonia sinuosa) and time (halfway v. final) on the above ground 

leaf biomass of seagrasses. Significant effects indicated in bold where p<0.05. 

Source df MS F p 

Leaf Biomass                             

Between Subjects   

Species 1 0.064 0.528 0.475 

Grazing 2 4.779 39.536 0.000 

Species × Grazing 2 0.087 0.716 0.499 

Residual 24 0.121 
 

  

Within subjects   

Time 1 0.423 4.626 0.042 

Time × Species 1 0.253 2.772 0.109 

Time × Grazing 2 0.157 1.714 0.202 

Time × Species × Grazing 2 0.181 1.986 0.159 

Residual 24 0.091     

Pairwise comparison: Leaf Biomass 

Urchin grazing: control = procedural control > grazing  
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Grazing damage, quantified by the percentage of dead shoots (A. antarctica) and 

leaves with grazing scars (P. sinuosa), increased where urchins were present, 

however, there was no difference between the two species (Fig. 2.2A,B , Table 

2.2). It is worth noting that data for both A. antarctica and P. sinuosa may 

underestimate the frequency of grazing damage; given that in A. antarctica all leaf 

heads had to be removed for a shoot to be classified as dead and in P. sinuosa 

some consumed leaves may have been totally removed leaving no evidence of 

grazing. 

 

Urchin presence significantly reduced meristem survival in A. antarctica, but had 

no impact in P. sinuosa. While A. antarctica had a greater abundance of leaf 

meristems than P. sinuosa where urchins were absent, this effect was reversed 

where urchin densities were elevated, highlighting the significant loss of 

A. antarctica leaf heads and associated meristems due to grazing (Fig. 2.2C,D, 

Table 2.2: Grazing × Species interaction).  

 

Below ground biomass was greater in P. sinuosa than in A. antarctica, but the 

grazing treatment had no impact on below ground biomass of either species 

(Fig. 2.2E,F, Table 2.2). 

 

2.4.3 Seagrass recovery from simulated grazing (Experiment 2) 

Recovery of biomass in P. sinuosa following simulated grazing exceeded that for 

A. antarctica (56 and 62 % v. 7 and 25 % of controls in the complete and partial 

removal treatments, respectively) (Fig. 2.3, Tables 2.3 & 2.4). Recovery of 

P. sinuosa was greater where more seagrass was removed (a direct relationship 
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between removal and recovery), whereas in A. antarctica recovery declined as 

removal increased (an inverse relationship between removal and recovery) 

(Table 2.3). 
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Figure 2.2 The effect of sea-urchins Amblypneustes pallidus (control v. grazing), 

on grazing damage (A. Amphibolis antarctica, percentage dead shoots; 

B. Posidonia sinuosa, percentage of leaves with grazing scar), leaf meristem 

survival (C. Amphibolis antarctica, # leaf heads; D. Posidonia sinuosa, # sheaths 

with leaves) and final (169 days) below ground biomass (E. Amphibolis 

antarctica, gdw m-2; F. Posidonia sinuosa, gdw m-2). Bars indicate the mean and 

standard error.  
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Table 2.2 Two factor analysis or variance comparing the effect of urchin grazing 

(control v. grazing) and seagrass species (Amphibolis antarctica v. Posidonia 

sinuosa) on grazing damage, leaf meristem survival and below ground biomass of 

seagrasses. Significant effects indicated in bold where p<0.05. 

Source df MS F p 

Grazing Damage 

Grazing 1 1.557 194.610 0.001 

Species 1 0.003 0.388 0.526 

Grazing × Species 1 0.027 3.380 0.092 

Residual 16 0.008                  

Leaf Meristem Survival   

Grazing 1 0.543 61.834 0.001 

Species 1 0.016 1.794 0.213 

Grazing × Species 1 0.463 52.778 0.001 

Residual 16 0.009                  

Below Ground Biomass         

Grazing 1 0.072 0.715 0.407 

Species 1 2.623 26.086 0.001 

Grazing × Species 1 0.135 1.344 0.296 

Residual 16 0.101                  

Pairwise comparisons: Leaf Meristem Survival  

Urchin grazing: A. antarctica, control > grazing; P. sinuosa, control = grazing;  

Seagrass species: control, A. antarctica > P. sinuosa; grazing, A. antarctica < 

P. sinuosa. 
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Figure 2.3 The effect of simulated urchin grazing (control, partial removal v. 

complete removal) on the above ground leaf biomass (A. Amphibolis antarctica; 

B. Posidonia sinuosa) of seagrass (gdw m-2) after 109 days. Bars indicate the 

mean and standard error. 
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Table 2.3 Final seagrass dry weight from Experiment 1 (Grazing Experiment) and Experiment 2 (Simulated Grazing Experiment) used 

to calculate biomass recovery during the Simulated Grazing Experiment. Recovery was calculated by subtracting leaf biomass at the 

conclusion of the Grazing Experiment from leaf biomass at the conclusion of the Simulated Grazing Experiment, given that the 

biomass removed in the partial removal treatment of the Simulated Grazing Experiment mimicked that removed by urchins. 

 Treatment Urchin Grazing  

(Exp 1) (gdw m-2) 

 Simulated Grazing  

(Exp 2) (gdw m-2) 

Calculated Recovery 

(Exp 2) (gdw m-2) 

Amphibolis antarctica  

    Control 219.84 ± 28.11  364.32 ± 23.99 144.48 

    Urchin Grazing/Partial Removal 55.64 ± 10.12  90.75 ± 6.64 35.11 

    Complete Removal    n/a  26.24 ± 3.17 26.24 

Posidonia sinuosa  

    Control 220.58 ± 21.47  363.78 ± 40.79 143.20 

    Urchin Grazing/Partial Removal 65.76 ± 5.72  226.62 ± 25.92 160.86 

    Complete Removal    n/a  204.96 ± 16.28 204.96 
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Table 2.4 Analysis of variance comparing the effect of simulated grazing (control 

v. partial removal and control v. complete removal) and species (Amphibolis 

antarctica v. Posidonia sinuosa) on above ground leaf biomass following 

109 days of recovery. Significant effects indicated in bold where p<0.05. 

Source df MS F p 

Leaf Biomass (Partial Removal) 

Grazing 1 210860 57.08 0.001 

Species 1 22892 6.20 0.032 

Grazing × Species 1 23262 6.30 0.024 

Residual 16 3694                  

Leaf Biomass (Complete Removal) 

Grazing 1 308630 98.20 0.001 

Species 1 39683 12.63 0.006 

Grazing × Species 1 40169 12.78 0.003 

Residual 16 3143                  

Pairwise comparisons: Partial Removal 

Grazing: A. Antarctica, control > partial removal, P. sinuosa, control > partial 

removal; Species: control, A. antarctica = P. sinuosa, partial removal, A. 

Antarctica < P. sinuosa; 

Pairwise comparisons: Complete Removal 

Grazing: A. Antarctica, control > complete removal, P. sinuosa, control > 

complete removal; Species: control, A. antarctica = P. sinuosa, complete 

removal, A. antarctica < P. sinuosa. 
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2.5 DISCUSSION 

Grazing by sea-urchins has often been considered important for shaping the 

composition and extent of habitats among sub-tidal rock and coral reefs. While 

seagrass habitats were long believed to be predominantly bottom-up controlled, 

recent literature demonstrates that top-down forces can also play an important role 

in regulating seagrass ecosystems (Eklӧf, et al., 2008; Valentine and Duffy, 2006). 

Here, we identify that sea-urchins living at elevated though naturally occurring 

densities can switch habitat from dense to sparse seagrass meadows through 

overgrazing, highlighting the susceptibility of seagrasses to top-down grazing 

under certain conditions. While net grazing effects were consistent across both 

species of seagrass, rates of recovery following simulated grazing were far greater 

in P. sinuosa than in A. antarctica. Such asymmetric patterns in seagrass recovery 

from overgrazing suggest that the duration of phase shifts from seagrass to bare 

habitats caused by overgrazing, and any cascading ecosystem effects, can be 

dependent on the identity of species which is lost. 

 

The substantial loss of A. antarctica during a natural overgrazing event, compared 

to the apparent stability of Posidonia spp. biomass in adjacent meadows, 

suggested that urchin grazing effects may be species-specific. Therefore, the 

similar decline in seagrass biomass for both A. antarctica and P. sinuosa during 

the grazing experiment was initially surprising. The strong positive trajectory 

toward the recovery of P. sinuosa following simulated grazing, however, was in 

stark contrast to A. antarctica, which showed minimal recovery. An elevated 

capacity for regrowth is a successful strategy used by many terrestrial plants 

exposed to high grazing pressure (Strauss and Agrawal, 1999; van der Meijden, 
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et al., 1988), and may better prepare some species for herbivore driven 

disturbances. Given variability in urchin densities, periods with reduced urchin 

presence are common (Pearse and Hines, 1987; Rose, et al., 1999). Therefore, the 

combination of per capita grazing intensity, urchin return or recruitment interval 

and rates of seagrass recovery from grazing may all be crucial to long-term 

seagrass habitat persistence (Alcoverro and Mariani, 2002; Burnell et al., 2013b).  

 

While only one period of natural overgrazing was observed in A. antarctica 

during intermittent visits to the study area over three years, recovery of seagrasses 

at the grazed sites appeared negligible during this time. Following natural 

overgrazing of A. antarctica, urchins were only present within adjacent 

Posidonia spp. suggesting the inability of A. antarctica to recover from grazing 

and hence provide a stable habitat may have resulted in urchin migration, 

starvation or predation. While grazing impacts appear persistent within 

A. antarctica meadows over the short-term, longer term studies would be required 

to accurately gauge if the frequency of these events exceed seagrass recovery 

from meadow expansion or recruitment. 

 

Morphology and growth strategy can be important for seagrass regeneration and 

proliferation (Tomlinson, 1974). While both A. antarctica and P. sinuosa grow by 

continually replacing old leaves (Short and Duarte, 2001), the leaf meristems of 

Amphibolis spp. are elevated in the canopy, whereas those of Posidonia spp. are 

below-ground (Marbà and Walker, 1999). The exposure of leaf meristems on 

vertical shoots above the sediment can result in strong grazing impacts (Alcoverro 

and Mariani, 2002). Since seagrass regeneration is reliant on active meristems 
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(Tomlinson, 1974), seagrasses that have lost raised apical meristems can only 

regenerate by creating new shoots from existing rhizomes (Alcoverro and 

Mariani, 2002; Rose, et al., 1999). Consequently, when A. antarctica is 

overgrazed until the majority of shoots are completely defoliated, its recovery 

becomes reliant on new shoot growth from below ground rhizome extension, 

whereas basal meristems of Posidonia spp. may continue to produce new leaves in 

a largely uninterrupted way. This species-dependent capacity for re-growth based 

on meristem location appears a likely explanation for the patterns of recovery we 

observed and is analogous to findings for the recovery of other seagrasses exposed 

to significant meristem damage (i.e. Syringodium filiforme, Zostera marina & 

Thalassodendron ciliatum) (Alcoverro and Mariani, 2002; 2005; Rivers and 

Short, 2007; Rose, et al., 1999). In fact, grazing pressure may even play a 

significant role in determining seagrass species distribution (Vonk, et al., 2008). 

The tropical seagrass T. ciliatum, which has a similar morphology to A. antarctica 

and a high vulnerability to urchin grazing (Alcoverro and Mariani, 2002; 2005), is 

dominant in zones protected from fishing where urchin populations remain low 

(McClanahan, et al., 1994), but lower in unprotected zones where urchin 

abundance is greater (Alcoverro and Mariani, 2004). Such patterns suggest that 

morphology may interact with grazing pressure to shape the distribution of some 

seagrass species. 

 

Recovery of P. sinuosa biomass during the simulated grazing experiment was 

greater where more seagrass was removed, whereas in A. antarctica biomass 

recovery declined as removal increased. Seagrass growth in reponse to changing 

grazing intensity is rarely linear (Cebrián, et al., 1998; Eklӧf, et al., 2008) and can 
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be highly species-specific (Alcoverro and Mariani, 2005; Cebrián, et al., 1998). 

The greater loss of leaf meristems in A. antarctica where more seagrass was 

removed is likely to have limited the availability of active meristems that could 

produce new growth. In comparison, simulated grazing in P. sinuosa potentially 

induced an overcompensatory growth response, where recovery rate increased as a 

function of removal. Alternatively, natural senescence and shedding of older 

leaves by P. sinuosa in the control and partial removal treatment could explain the 

lower recovery, in comparison to the complete removal treatment where no older 

leaves remained. 

 

While it appears that meristem damage from grazing may modify the vulnerability 

and post-grazing recovery of A. antarctica, inherent biological differences 

between the two species should not be discounted and could also have contributed 

to the species-specific differences we found (Strauss and Agrawal, 1999). The 

greater below ground resources we recorded for P. sinuosa, which is consistently 

evident when compared with A. antarctica (Cambridge, 1999), could have aided 

rapid recovery from defoliation as resources can be translocated from roots and 

rhizomes to help leaf growth and recovery (Cebrián, et al., 1998; Strauss and 

Agrawal, 1999). Regardless of the mechanism to recovery, however, it appears 

evident that P. sinuosa has a greater tolerance to urchin grazing than 

A. antarctica. 

 

It is important to note that simulated grazing is rarely an exact substitute for actual 

grazing (Eklӧf, et al., 2009; Ibarra-Obando, et al., 2004; Strauss and Agrawal, 

1999), suggesting the recovery we recorded should be interpreted cautiously. It 
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was necessary to use new experimental plots for the recovery experiment as we 

destructively sampled seagrass to quantify urchin effects during the grazing 

experiment. Therefore, any deterioration of below ground resources that occurred 

during the grazing experiment was not replicated in the simulated grazing 

experiment. While A. antarctica showed a greater loss of below ground biomass 

than P. sinuosa during the grazing experiment, albeit non-significantly, replicating 

this effect in the simulated grazing experiment would only have exacerbated the 

species differences we observed, as fewer resources would have been available to 

A. antarctica for recovery. Simulated grazing can also underestimate potential 

benefits of herbivory. For example, urchin faeces can increase seagrass 

productivity by enhancing the rate of nutrient cycling, effectively fertilising any 

remaining plants (Koike, et al., 1987; Vonk, et al., 2008). The absence of this 

effect could have potentially underestimated seagrass recovery during the 

simulated grazing experiment, although this effect should be consistent across 

both species and is therefore unlikely to alter the inter-specific differences seen 

here. In addition, the rapid re-growth of P. sinuosa suggests that plants at the 

study site were unlikely to be nutrient-limited. 

 

We considered it important to quantify the rate of biomass decline in both species 

despite the possibility that sub-sampling halfway through the grazing experiment 

may have impacted adjacent seagrasses due to the clonal nature of ramets. 

Importantly, Amphibolis and Posidonia rhizomes form a complex matrix where 

many individual plants overlap, rather than being a single clonal individual 

(Bryars, et al., 2011), making the removal of small amounts of above ground 

biomass unlikely to destroy entire plants. While sub-sampling itself does not 
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appear to send seagrass meadows into significant decline (Bryars, et al., 2011; 

Valentine and Heck, 1991; Vonk, et al., 2008), it is plausible that biomass 

removal could have had a larger effect where seagrasses were already under stress 

from urchin grazing, possibly exacerbating grazing impacts. Yet we anticipate that 

our results are not an overestimation of grazing impacts for two reasons. First, 

only a small amount of above-ground biomass was removed (6% of plots) and 

belowground biomass was undamaged so there is no reason to assume that 

translocation of belowground resources was unduly interrupted. Second, while we 

removed 6% of the areal cover in all treatments, seagrass cover and biomass were 

already reduced in grazing treatments and by sampling in a standard area more 

biomass was actually removed in the control treatments. Nonetheless, non-

destructive estimates of grazing impact, such as shoot density and canopy height 

could be used in future studies, though this can be inherently difficult due to 

species-specific morphology and seasonal changes in biomass composition. 

 

2.6 CONCLUSION 

The current rate of decline in seagrass meadows places them among the most 

threatened ecosystems worldwide (Waycott, et al., 2009). While some species of 

seagrass have evolved traits to tolerate high grazing intensity, such as rapid 

regeneration and basal leaf meristems (Valentine and Duffy, 2006), others such as 

A. antarctica appear vulnerable to long lasting impacts from sudden increases in 

grazing pressure due to a reduced capacity for recovery post-disturbance. Habitats 

created by such species appear particularly vulnerable to long-term, top-down 

induced phase-shifts. The cascading ecosystem effects of wholesale seagrass 

habitat loss threaten coastal productivity and biodiversity, through a reduction in 
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sediment stabilisation, nutrient cycling and support of trophic food webs (Duarte, 

2002; Orth, et al., 2006). Understanding the causes of sudden urchin population 

increases, and under what conditions seagrasses may be more or less susceptible 

to overgrazing, may help us predict and prepare for the effects of seagrass loss.
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Nutrient enrichment modifies epiphyte cover  

Above: A leaf head of Amphibolis antarctica from an ambient nutrient treatment. 

Below: A leaf head of Amphibolis antarctica from an enriched nutrient treatment. 

Photo credits: Kingsley Griffin 
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PREAMBLE 

Chapter 3 was motivated by the significant role nutrient enrichment has played in 

the decline of seagrass meadows, and the general observation that overgrazing is 

common in areas influenced by nutrient enrichment. Thus Lady Bay, a relatively 

oligotrophic seagrass meadow with high abundances of herbivores, provided an 

excellent natural laboratory to test the effects of nutrient enrichment on grazing. 

The chapter is a co-authored draft manuscript and therefore is written in plural 

throughout. The paper is written for a global audience with an interest in how 

nutrient enrichment can modify the role of grazers. 
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CHAPTER  THREE 

 

NUTRIENT ENRICHMENT MODERATES TOP-DOWN 

CONTROL OF SEAGRASS BY SEA-URCHIN GRAZING 

 

 

3.1 ABSTRACT 

On urbanised coastlines worldwide over-harvesting of large predatory organisms 

combined with land-derived nutrient subsidies can affect top-down (i.e. herbivory 

by grazers) and bottom-up (i.e. resource availability) processes that shape marine 

communities. In seagrass meadows top-down sea-urchin effects often appear 

synergistic with bottom-up nutrient effects, such that they culminate in greater 

grazing intensity and habitat loss. However, bottom-up nutrient effects can result 

in contrasting outcomes for producers, whereby habitat-forming seagrasses 

commonly undergo loss from opportunistic epiphytic overgrowth, but nutrient 

enrichment can also change the quality and quantity of food for herbivores, which 

might modify individual grazing rates on seagrass. The sea-urchin Amblypneustes 

pallidus can over-graze seagrasses to contribute to habitat loss in oligotrophic 

waters. By elevating urchin densities and nutrients within meadows of the 

seagrass Amphibolis antarctica, we tested whether the per capita effect of grazing 

would be decreased under nutrient enrichment, and if such declines related to 

changes in seagrass structure and chemistry from nutrient enrichment 

(i.e. nitrogen content, epiphyte cover, grazing deterrents & leaf strength). Under 
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oligotrophic conditions, urchins removed 46 – 73 % of total seagrass biomass, 

whereas nutrient enrichment reduced urchin driven biomass loss to 10 – 51 %. 

Reductions in per capita grazing loss related to greater nitrogen content of 

seagrass leaves and thus probably better quality of food for urchins. This finding 

supports the notion that in circumstances where nutrient enrichment culminates in 

urchin overgrazing this would likely be associated with population effects 

(e.g. mass recruitment of urchins to seagrass meadows), rather than increases to 

per capita grazing. 

 

3.2 INTRODUCTION  

The role of top-down and bottom-up processes can be fundamental for 

understanding causes of habitat loss across many biomes (Eklӧf et al., 2008, Estes 

et al., 1998, Power, 1992, Rosemond et al., 1993). In marine habitats, grazing by 

herbivores (top-down) and anthropogenic nutrient enrichment (bottom-up) are key 

drivers of ecosystem dynamics (Burkepile &  Hay, 2006, McGlathery, 1995, 

Smith et al., 2010). On urbanised coastlines worldwide, over-harvesting of large 

predatory organisms combined with land-derived nutrient subsidies have modified 

the effects of these top-down and bottom-up processes for habitat maintenance 

(Tewfik et al., 2005, Vitousek et al., 1997). While over-harvesting often results in 

population growth of grazing herbivores released from predatory control (Estes &  

Palmisan.Jf, 1974, Estes et al., 2011), nutrient subsidies modify ecosystems by 

changing resource availability and growth rates of primary producers (Bulleri 

et al., 2012, Scheffer et al., 2001). Understanding how human activities can 

modify top-down and bottom-up processes might help explain mechanisms 

behind accelerating habitat losses frequently observed on urbanised coasts, 
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particularly as ~75 % of studies in marine systems report antagonistic or 

synergistic effects between multiple stressors (Crain et al., 2008). 

 

Nutrient subsidies can have disparate effects on primary producers that range from 

increases in productivity and growth to widespread biogenic habitat loss 

(Anderson &  Polis, 1999, Anton et al., 2011, Bryars et al., 2011, Kelaher et al., 

2013). The negative effects of nutrient enrichment on seagrasses are well 

established, particularly their ability to induce epiphytic overgrowth that inhibits 

seagrass photosynthesis and growth (Bryars et al., 2011, Sand-Jensen, 1977, Short 

&  Wyllie-Echeverria, 1996, Walker &  McComb, 1992). Under such 

circumstances, grazing is often considered beneficial to seagrasses as herbivores 

can target and remove these epiphytes (Hughes et al., 2004, Valentine &  Duffy, 

2006). Thus, nutrient subsidies might divert grazing effort away from seagrass 

leaves, as alternative foods are of greater quality or quantity (Anton et al., 2011, 

McGlathery, 1995, Tewfik et al., 2005). 

 

There is also evidence, however, for direct negative effects of grazing on seagrass 

habitats (Burnell et al., 2013a, Eklӧf et al., 2008, Rose et al., 1999, Valentine &  

Duffy, 2006, Valentine &  Heck, 1991). While the ingestion of seagrass itself is 

often considered incidental to obtaining the more nutritious epiphytes or epibiota 

that colonise leaves (Eklӧf et al., 2008, Tewfik et al., 2005), there is evidence that 

absorption of seagrass tissue can deliver nutritional benefits (Valentine &  Duffy, 

2006) and induce compensatory feeding behaviour (Valentine &  Heck, 2001). 

Overgrazing events by sea-urchins on seagrasses appear disproportionately 

common in meadows affected by nutrient enrichment (Eklӧf et al., 2008, Kirkman 
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&  Young, 1981, Ruíz et al., 2009, Walker &  McComb, 1992), generating 

interest in understanding if changes in per capita consumption of leaves might 

contribute to such declines. Several laboratory manipulations suggest the per 

capita grazing effect of urchins can decline where nutrient content is greater 

(Burnell et al., 2013b, Lares &  McClintock, 1991, Valentine &  Heck, 2001), but 

nutritional value can also have negligible (Lawrence et al., 1989) or even positive 

(Beddingfield &  McClintock, 1998) effects on consumption. Principally those 

attributes of seagrass leaves that can modify grazing and could vary with nutrient 

enrichment, include the nitrogen content (Anton et al., 2011, de los Santos et al., 

2012, Valentine &  Heck, 2001), phenolic content (i.e. grazing deterrents) (Vergés 

et al., 2007a, Vergés et al., 2007b) and the physical toughness or strength of 

leaves (de los Santos et al., 2012, La Nafie et al., 2012, Vergés et al., 2007b). 

 

We replicated changes to top-down and bottom-up process common on urbanised 

coasts, by elevating both the density of urchins and the concentration of nutrients 

in an oligotrophic seagrass meadow, to test whether the per capita grazing effect 

of urchins on seagrass would change, and if the structural and chemical properties 

of seagrass were associated with such changes to grazing. We hypothesised that 

the negative effects of nutrient enrichment on seagrasses (i.e. epiphytic 

overgrowth) would be weakened on balance by lower per capita grazing upon 

seagrass leaves by urchins. Thus an antagonistic interaction would emerge where 

greater food quantity or quality could reduce direct grazing impacts on seagrass 

habitats. Such evidence would also support theory that overgrazing of seagrass 

commonly observed in eutrophic waters would likely be a population response 
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(e.g. mass recruitment of grazers) rather than a consequence of increasing per 

capita grazing.  

 

3.3 MATERIALS AND METHODS 

3.3.1 Study site 

The study was completed within a meadow of seagrass Amphibolis antarctica, of 

approximately 4 m depth at Lady Bay, South Australia (35°28.036 S, 

138°17.198 E), during the Austral Autumn-Winter (Mar-2011 to Aug-2011). For 

a description of seagrass meadows at this site and the population dynamics of the 

short-spined sea-urchin Amblypneustes pallidus in the region, see Burnell et al., 

(2013a). 

 

3.3.2 Experimental design 

Manipulative experiments tested the relative and combined effects of urchin 

grazing and nutrient enrichment on seagrass in a 3 × 2 crossed experimental 

design. Thirty-five replicate plots were randomly interspersed over 500 m2 of 

seagrass meadow to separate plots by approximately four meters, where the 

naturally occurring urchin populations observed during the experimental period 

were zero. Ten plots were designated as treatments of moderate grazing (hereafter 

MG) and ten of high grazing (hereafter HG), by adding one (6.25 individuals m-2) 

or two urchins (12.5 individuals m-2), respectively, within a wire mesh cage (cage 

size 0.4 × 0.4 × 0.4 m, mesh size 0.02 × 0.02 m) (average urchin 

mass = 29.45 ± 0.40 g urchin-1). Ten plots remained un-manipulated and were 

designated as plots of no urchin grazing (hereafter Absent Grazing or AG). A 

procedural control was established in another five plots using a partial cage to test 
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for caging artefacts on seagrass. Procedural controls were found to have no 

detectable effects on any of the response variables measured. Urchin densities 

replicated high natural densities that have been observed in seagrass meadows 

nearby the study site (Burnell et al., 2013a). Urchins were collected from nearby 

beds of seagrass with weekly replacement of any dead individuals in experimental 

plots. Urchin densities were used in cross combination with two levels of nutrient 

concentration, ambient (hereafter AN) and enriched (hereafter EN). Within each 

of the urchin levels five plots were designated as EN, while the other five plots 

were designated as AN. Treatments were maintained for 169 days and cages were 

scrubbed free of epiphytes weekly. 

 

Nutrients were supplied to EN plots by adding 1 kg of Osmocote Plus® 12-14 

month controlled release fertiliser (N:P:K – 17:4.3:8.2 - Scotts, Sydney, 

Australia). Fertiliser pellets were evenly separated into four nylon bags with 1 mm 

mesh (i.e. 250g bag-1) and anchored with stainless steel pegs at the substrate level 

along the four edges of each EN plot to provide an even distribution of nutrients. 

Bags were replaced every 8 – 10 weeks with ones containing new fertiliser 

(i.e. three separate additions of 1 kg throughout the experiment). Water samples 

were taken from all plots five centimetres inside the plot boundary at several times 

after the initial deployment of nutrients (i.e. ~24 hours, ~3 weeks, ~6 weeks and 

~10 weeks after deployment) to monitor treatments (see ‘Results’). Water was 

sampled using sterile 25 ml syringes, filtered at 0.45 µm and frozen for later 

analysis. Analysis was undertaken using a Lachat Quickchem 8500 Flow Injection 

Analyser (Hach, Colorado, USA) for nitrate and nitrate (NOx), Phosphate (PO4) 

and ammonia (NH3).  
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3.3.3 Experimental sampling 

Destructive sampling of seagrass was undertaken twice, approximately halfway 

through the experiment (i.e. 82 days) and at the end of the experiment 

(i.e. 169 days). The first samples were small; 0.10 m2 or 6 % of experimental plots 

and their location was marked to prohibit re-sampling. These initial samples were 

used to quantify changes in tissue biochemistry and epiphyte cover, without 

unduly impacting upon the health of the remaining seagrass. The second samples 

were larger; 0.25 m2 or 39 % of experimental plots, and thus detected biomass 

effects as the bigger quadrat size controlled for natural variation in stem density. 

During biomass sampling seagrass above ground biomass was harvested at the 

substrate, transported under dark conditions on ice to the laboratory and frozen for 

later analysis. Measurements taken from these samples were meristem number, 

leaf biomass, living stem density, epiphyte cover, biochemistry of leaf tissue (i.e. 

carbon and nitrogen content), secondary metabolites (i.e. % leaf phenolics) and 

leaf strength (i.e. relative force required to pierce leaves with a blunt probe). 

Phenolics and leaf strength were only measured on the final samples.  

 

3.3.4 Seagrass parameters 

The number of living meristems was recorded by counting those leaf heads where 

the youngest leaf, which is the position of new growth for A. antarctica, was 

intact. Shoot density or living stems was recorded by counting the number of 

stems that supported at least one living meristem. Where all above ground 

meristems had been lost stems were classified as dead. Leaf biomass was 

determined by separating leaves from stems before rinsing in MilliQ water and 

drying for 48 h at 60°C. Samples were then acid washed in 5 % HCl to remove 
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any calcified epiphytes, re-dried and weighed to determine final dry weight of 

seagrass. For a detailed summary of the anatomy and morphology of A. antarctica 

see Marbà and Walker (1999). 

 

3.3.5 Leaf growth rates 

Seagrass growth was quantified by recording new leaf initiation. Trimming of the 

corner on the second youngest leaf was implemented and the stem marked at the 

base with flagging tape to assist re-location. This occurred for three leaves in each 

plot twice throughout the experimental period, firstly during May for two weeks 

and the secondly in June for four weeks. Due to significant loss of marked leaves, 

all samples were pooled for statistical analysis, nonetheless even after pooling no 

significant differences were detected between experimental treatments (Table 

3.S2). 

 

3.3.6 Epiphyte cover  

Cover of calcified algal epiphytes on seagrass leaves was quantified over a 

3 × 5 mm grid on the 2nd, 5th & 7th leaf on three separate leaf heads from each plot. 

Each mm2 within the rectangular grid was scored as either being dominated by 

epiphyte cover or bare, which was then used to calculate percentage cover. The 

leaf epiphyte assemblage was almost exclusively encrusting coralline algae, which 

is typical for seagrass in this area (James et al., 2009), particularly during winter 

months (O. W. Burnell pers. obs.). As such, no quantification of other epiphyte 

groups on seagrass leaves was necessary or indeed possible. 
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3.3.7 Biochemical and physical properties of seagrass 

Biochemistry of seagrass tissue was quantified to determine if the treatments 

modified the nutritional value of leaves. Seagrass tissue from each experimental 

plot was ground with a mortar and pestle and analysed for % nitrogen and % 

carbon (hereafter % N and % C, respectively) on an Isotope Ratio Mass 

Spectrometer (Hydra 2020 ANCA-GSL Version 4.0, Sercon, Cheshire, UK).  

 

Phenolic content of seagrass leaves was determined using Folin-Ciocalteau 

methodology adapted from Bolser et al., (1998). Seagrass leaves were dried and 

ground (as described above). A 5 mg subsample was extracted in 1 ml of 50 % 

MeOH under dark refrigerated conditions for 24 h. Following centrifuging, 100 µl 

of the supernatant was added to 3.9 ml of MilliQ water and mixed, 0.25 ml of 

Folin-Ciocalteau reagent was then added followed by 0.75 ml of sodium 

carbonate solution after a 2-min delay. Samples were then refrigerated for 

two hours for colour development, before absorbencies were recorded on a single 

beam photospectrometer at 760 nm. A standard gallic acid equivalence curve was 

generated from serial dilutions, and used to read the concentration of total 

phenolics. 

 

Leaf strength was measured using a custom designed leaf penetrometer. Two 

wooden blocks fastened to one another held a seagrass leaf in position. A blunt 

1 mm probe with an attached weight vessel was suspended over the seagrass by 

resting the tip on the centre of the blade. Weight was slowly added to measure the 

force required for the probe to puncture the seagrass leaf. Force was calculated in 

micro-newtons (mN) of force by summing the mass of the probe, container and 
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added weight required to puncture the leaf, and multiplying by the force of 

gravity, similar to the methodology implemented by Pennings and Paul (1992).  

 

3.3.8 Statistical analyses 

Univariate two-factor ANOVA was used to compare the effect of urchin grazing 

and nutrient enrichment on seagrass parameters (i.e. meristem number, leaf 

biomass & living stem density), leaf growth, biochemistry (C:N ratio, %  N & % 

C), total phenolics, leaf strength and water chemistry using the program 

PERMANOVA+ for Primer v6. Univariate three-factor ANOVA was used to 

compare the compare the effect of urchin grazing, nutrient enrichment and leaf 

position on epiphyte cover of seagrass. All factors used in the analyses were 

treated as fixed and orthogonal. Averages from each plot were used as replicates, 

except for leaf growth where samples recovered were pooled, due to loss of all 

samples from many plots. Posthoc pairwise comparisons were used where 

significant terms were detected. Procedural controls were compared against 

control plots to determine any artefacts of caging, of which no effect was detected 

in any response variable. Partitioning of variance for all ANOVAs was undertaken 

to estimate the magnitude of effects (ω
2) using equations from Vaughan and 

Corballis (1969). Magnitude of effects provide an estimate of the variation 

explained by each individual or combination of experimental factors. 
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3.4 RESULTS 

3.4.1 Seagrass habitat 

Sea-urchin grazing had a strong negative effect on all three seagrass habitat 

parameters (Fig. 3.1, Table 3.1). Variance partitioning indicated urchin grazing 

explained a large proportion of variation in meristem number (ω2 = 0.59), leaf 

biomass (ω2 = 0.46) and living stem density (ω
2 = 0.38), which is an intuitive 

sequence of destruction given grazers would firstly consume individual leaf 

heads/meristems, in turn impacting leaf biomass and eventually stem mortality 

(i.e. loss of all living above ground meristems). However, an interaction with 

nutrient enrichment moderated urchin effects on seagrass meristem number and 

leaf biomass (i.e. ω2 = 0.08 and ω2 = 0.07, respectively) (Fig. 3.1, Table 3.1). This 

interaction occurred as urchin elevations were responsible for a biomass decrease 

of 46 – 73 % at ambient nutrients (AN), but only 10 – 51 % at enriched nutrients 

(EN), for moderate grazing (MG) and high grazing (HG) treatments, respectively. 

Nutrients also independently decreased meristem number in the absent grazing 

(AG) treatment, but had no effect where urchins were present. These opposing 

effects of nutrients in the absence verses presence of urchins resulted in a 

negligible effect of nutrients once variance was partitioned (i.e. ω2 < 0.01 in all 

three seagrass habitat parameters), suggesting stronger top-down control over 

seagrass habitat under the tested conditions (Fig. 3.1, Table 3.1). No effects of 

grazing or nutrient enrichment on seagrass biomass were detected between 

treatments at the halfway sampling point (Table 3.S1), which is likely to be due to 

the small sampling unit and natural variability in biomass inflating the sampling 

error around the mean. Neither nutrient enrichment nor urchin grazing affected the 

rate of leaf initiation during the experiment (Table 3.S2). 
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Figure 3.1 a) Leaf meristems, b) leaf biomass and c) living stem density for 

Amphibolis antarctica exposed to sea-urchin grazing Amblypneustes pallidus 

(absent v. moderate v. high) and nutrients (ambient v. enriched) for 169 days. Bars 

represent mean ± SE (n = 5). AG = absent grazing, MG = moderate grazing, HG = 

high grazing. 
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Table 3.1 ANOVA and variance partitioning for leaf meristems, leaf biomass and 

living stem density of seagrass exposed to sea-urchin grazing (absent v. moderate 

v. high) and nutrients (ambient v. enriched) for 169 days. G = grazing, 

N = Nutrients. 

Source df MS F P ω
2 Pairwise 

Leaf Meristems  

a at AN, AG > MG > HG, at 

EN, AG = MG > HG. At AG, 

AN > EN, at MG, AN = EN, 

at HG, AN= EN 

G 2 75.5 × 105 29.18 0.001 0.59 

N 1 52.0 × 104 2.01 0.182 0.01 

G × N 2 12.4 × 105 4.77 0.015a 0.08 

Residual 24 25.9 × 104                   0.32 

Leaf Biomass           

b at AN, AG > MG > HG, at 

EN, AG = MG, AG > HG, 

MG = HG. At AG, AN = EN, 

at MG, AN = EN, at HG, AN 

= EN 

G 2 73.4 × 102  15.08 0.001 0.46 

N 1 6.22 × 101 0.13 0.71 -0.01 

G × N 2 15.9 × 102 3.26 0.042b 0.07 

Residual 24 4.87 × 102                  0.49 

Living Stem Density                   

c Living Stem Density 

pairwise for G, AG = MG > 

HG 

 

G 2 42.0 × 104 11.40 0.001c 0.38 

N 1 90.1 × 102 0.24 0.642 -0.01 

G × N 2 11.4 × 104 3.10 0.065 0.08 

Residual 24 36.9 × 103                  0.56 
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3.4.2 Epiphyte cover 

Nutrient enrichment and urchin presence both modified epiphyte cover upon 

leaves. Epiphyte cover was greater at EN than AN for all leaf positions sampled, 

but younger leaves had lower total cover than older leaves (i.e. 2nd < 5th = 7th) 

(Fig. 3.2, Table 3.2). The presence of urchins also reduced epiphyte cover on 

older leaves (i.e. on 5th and 7th leaves, AG > MG = HG) (Fig. 3.2, Table 3.2). 

Variance partitioning indicated nutrients and leaf position had by far the greatest 

influence on epiphyte cover (i.e. ω
2 = 0.40 each), while the effect of urchins 

(ω2 = 0.07) and the interaction between nutrients and leaf position (ω2 = 0.11) 

were smaller (Fig. 3.2, Table 3.2). 

 

3.4.3 Biochemical and physical properties of seagrass 

Nitrogen in seagrass leaves increased at EN, which coincided with a reduction in 

their C:N ratio (Fig. 3.3, Table 3.3). The % C did not differ among any of the 

experimental treatments. Urchin presence also had an effect on tissue chemistry, 

whereby % N decreased in the presence of urchins at both the halfway and final 

sampling date (Fig. 3.3, Table 3.3). This effect was only evident in EN treatments 

at halfway, but by the final sampling period grazing consistently reduced % N 

(and increased C:N) across all treatments. A large decline in % C was observed 

between the two sampling dates, almost certainly due to seasonal over-wintering 

effects. The percentage of secondary metabolites, measured as total phenolics, 

declined in seagrass leaves at EN, but did not respond to grazing manipulations 

(Fig. 3.3, Table 3.3). Penetrometer measurements revealed no differences in the 

breaking force required to pierce leaves amongst any of the experimental 

treatments (Table 3.S3). 
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Figure 3.2 Epiphyte percentage cover at different leaf positions of seagrass 

exposed to sea-urchin grazing (absent v. moderate v. high) and nutrients (ambient 

v. high) for 169 days. Bars represent mean ± SE (n = 5). AG = absent grazing, 

MG = moderate grazing, HG = high grazing. 
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Table 3.2 ANOVA and variance partitioning for the percentage cover of coralline 

epiphytes on different leaf positions (2nd v. 5th v. 7th) of seagrass exposed to sea-

urchin grazing (absent v. moderate v. high), nutrients (ambient v. enriched) for 

169 days. G = grazing, N = nutrients, L = leaf position. 

Source df MS F P ω
2 Pairwise 

     G 2 4893 15.83 0.001 0.07 a on 2nd L,  AG = MG = HG, on 5th 

L, AG > MG = HG, on 7th L, AG 

> MG = HG. At AG, 2nd < 5th = 

7th, at MG 2nd < 5th = 7th, at HG, 

2nd < 5th = 7th. 

     N 1 24705 79.89 0.001 0.40 

     L 2 24891 80.49 0.001 0.40 

     G × N 2 89.3 0.29 0.755 0.00 

     G × L  4 1050 3.40 0.012a 0.02  

b on 2nd L, AN < EN, on 5th L, AN 

< EN, on 7th L, AN < EN. At AN, 

2nd < 5th = 7th, at EN, 2nd < 5th = 

7th. 

     N × L  2 5225 16.90 0.001b 0.11 

     G × N × L  4 206.5 0.67 0.605 0.00 

     Residual 72 309.3 
  

0.00 
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Figure 3.3 a) Carbon to nitrogen (ratio), b) nitrogen (%), c) carbon (%) and 

d) phenolics (%) of dry weight of seagrass exposed to sea-urchin grazing (absent 

v. moderate v. high) and nutrients (ambient v. enriched) for 82 (halfway) and 

169 (final) days. Bars represent mean ± SE (n = 5). AG = absent grazing, 

MG = moderate grazing, HG = high grazing. 
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Table 3.3 Significance values from ANOVA and variance partitioning for C:N 

ratio, nitrogen (%) and phenolics (%) for dry weight of seagrass exposed to sea-

urchin grazing (absent v. moderate v. high) and nutrients (ambient v. enriched) for 

82 (halfway) and 169 (final) days. No significant differences in Carbon (%), 

therefore analyses not presented. G = grazing, N = nutrients. 

C:N halfway C:N final % N halfway % N final % Pheno lics 

p ω
2 p ω

2 p ω
2 p ω

2 p ω
2 

G 0.364 0.00 0.001b 0.07 0.031 0.05 0.004d 0.09 0.753 -0.04 

N 0.001a 0.79 0.001b 0.86 0.001 0.67 0.001d 0.73 0.007e 0.18 

G × N 0.097 0.02 0.137 0.04 0.032c 0.05 0.315 0.00 0.085 0.10 

Res n/a 0.19 n/a 0.06 n/a 0.23 n/a 0.18 n/a 0.76 

a C:N halfway pairwise for N, AN > EN;  

b C:N final pairwise for G, AG < MG = HG, for N, AN > EN;  

c % N halfway pairwise for G × N, at AN, AG = MG = HG, at EN, AG > MG = HG. At 

AG, AN = EN, at MG, AN = EN, at HG, AN = EN; 

d % N final pairwise for G, AG > MG = HG, for N, AN < EN;  

e % Phenolics final pairwise for N, AN> EN. 
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3.4.4 Water column nutrients 

Average NOx (nitrate + nitrite) (~4.5 fold), PO4 (~1.3 fold) and NH3 (~1.5 fold) 

concentrations were greater at EN compared to AN. Average values were only 

statistically different for NOx (F1,18 = 24.04, p = 0.002) and PO4 (F1,18 = 10.07, 

p = 0.005). Nutrient levels varied between grazing treatments on certain 

individual days, but grazing had no statistical effect on average values over the 

four sampling dates (Fig. 3.4, Table 3.S4). The effect of EN treatments 

diminished as a function of time from deployment, evident from the initial spike 

~24 hours after new fertiliser was introduced, which subsequently decreased over 

time. 



87 

 

N
O

X 
(m

g 
l-1

)

0.00

0.01

0.02

0.03

0.04

0.05
AN
EN

24 hours 3 weeks 6 weeks 10 weeks Average

P
O

4 
(m

g 
l-1

)

0.000

0.005

0.010

0.015

0.020

0.025

0.030

N
H

3 
(m

g 
l-1

)

-0.04

-0.02

0.00

0.02

0.04

0.06

0.08

A
G

M
G

H
G

A
G

M
G

H
G

A
G

M
G

H
G

A
G

M
G

H
G

A
G

M
G

H
G

(a)

(b)

(c)

24 hours 3 weeks 6 weeks 10 weeks Average

24 hours 3 weeks 6 weeks 10 weeks Average

 

Figure 3.4 Water column nutrients of a) NOx, b) PO4 and c) NH3 within seagrass 

plots exposed to sea-urchin grazing Amblypneustes pallidus (absent v. moderate v. 

high) and nutrients (ambient v. enriched). Ambient nutrients (closed circles) & 

enriched nutrients (open circles). Data points represent mean ± SE (n = 5, besides 

average where n = 4). AG = absent grazing, MG = moderate grazing, HG = high 

grazing.
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3.5 DISCUSSION 

Strong top-down grazing effects were moderated when nutrients were enriched, 

which may have been a compensatory reduction in grazing that was driven by 

greater nitrogen content in seagrass tissue. Due to the importance of nitrogen in 

organism growth and natural shortages that commonly result in limitation for 

many organisms, herbivores can exhibit compensatory feeding in response to its 

availability (Mattson, 1980). While variable responses in urchin grazing to 

nutritional content have been observed (Beddingfield &  McClintock, 1998, Lares 

&  McClintock, 1991, Lawrence et al., 1989, Valentine &  Heck, 2001), the 

moderations in grazing we found supports the notion that nutrient-induced 

overgrazing events would be driven by population-level phenomena (e.g. mass 

recruitment), rather than increasing per capita grazing rates. Indeed this would 

support observations of increased urchin activity in eutrophic meadows 

(Cambridge et al., 1986, Ruíz et al., 2001, Ruíz et al., 2009, Tewfik et al., 2005) 

and their greater reproductive potential when supplied with more nutritious food 

(Beddingfield &  McClintock, 1998). 

 

The moderation of seagrass lost to grazers where nutrients were enriched suggests 

urchins might have become increasingly satiated from the greater nutritional 

content of seagrass. Changing biochemistry of many primary producers in 

seagrass ecosystems from nutrient enrichment is known to increase food quality 

and palatability to consumers (Anton et al., 2011, Cebrián et al., 2009). In many 

instances it appears epiphytes and epifauna living upon seagrass are actually the 

primary source of nutrition for urchins (Beddingfield &  McClintock, 1998, Ruíz 

et al., 2009, Tewfik et al., 2005). In fact, a facultative switch and trophic plasticity 
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in feeding has been shown for some urchins, where detritus, epiphytes or epifauna 

are consumed preferentially, but when nutrient availability limits the growth of 

these preferred food sources, they switch their feeding to seagrass leaves 

(McGlathery, 1995, Prado et al., 2010).  

 

In this study, however, it seems unlikely that epiphytes on seagrass would have 

offered a nutritious subsidy. The epiphyte assemblage in this study was comprised 

almost solely of encrusting coralline algae, which is typical for seagrass in this 

area (James et al., 2009), particularly during the winter (O. W. Burnell pers. obs.). 

Further to this, in oligotrophic regions epiphytes might actually have lower 

nutritional value than the seagrasses they colonise (Burkholder et al., 2013). The 

encrusting nature of epiphytes upon seagrass meant their consumption appeared 

inextricably linked to one another, except when urchins grazed on younger leaves 

where epiphytes were almost absent. Therefore, greater overall ingestion under 

nutrient enrichment might have contributed to satiation. However, calcified algae 

generally have a very low nutritional content (Foster et al., 1999, Littler &  Littler, 

1980, Neighbors &  Horn, 1991, Niell, 1976) and may actually deter grazing 

(Pennings &  Paul, 1992, Pennings &  Svedberg, 1993, Schupp &  Paul, 1994), 

although this effect appears minimal for urchins, due to their almost neutral gut 

pH, which is well equipped to dissolve CaCO3 (Pennings &  Svedberg, 1993). 

Regardless of the mechanism (i.e. greater food quality, quantity or even a 

deterrent), it does appear the net outcome of nutrient enrichment is a moderation 

of per capita grazing on seagrass blades. Further investigation of isotope analysis 

in urchins and their food sources (i.e. algae and epiphytes) could offer an effective 
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tool for assessing nutritional pathways and potential mechanisms behind grazing 

effects in A. antarctica meadows (e.g. Tewfik et al., 2005). 

 

The dampening effect of nutrients on grazing should not be interpreted to suggest 

eutrophication is beneficial to seagrass. We found nutrients decreased the number 

of meristems, and while it had marginally non-significant effects on leaf biomass, 

other longer-term studies highlight the detrimental effects of nutrients on this 

species of seagrass (Bryars et al., 2011). While food quantity and quality can be 

one important ecosystem service provided by seagrasses, the loss of biogenic 

habitat is by and large detrimental (Anton et al., 2011). Importantly, urchin 

populations are generally a transient and often localised threat (Burnell et al., 

2013a, Cambridge et al., 1986), when compared to the chronic and widespread 

effects of nutrient enrichment (Bryars et al., 2011, Silberstein et al., 1986, Walker 

&  McComb, 1992). While grazing effects were reduced by nutrient enrichment, 

the combination of these two factors did not modify overall seagrass loss, thus 

high grazing is unlikely to safeguard meadows from the detrimental effects of 

nutrient enrichment.  

 

While we did not detect any changes in leaf initiation rates, a concurrent study 

aimed exclusively at the effect of nutrients on leaf production found decreases in 

initiation of ~40 % and almost double the leaf shedding rate at only half the 

nutrient additions we tested (Falkenberg et al., unpublished). Changes of this 

nature would explain the nutrient induced decline in seagrass we recorded. Leaf 

production is inherently difficult to measure for A. antarctica compared with other 

seagrasses, as elongation of each leaf is negligible soon after initiation. Therefore 
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production is measured in discreet bundles (i.e. new leaves initiated or shed), 

which average one leaf every ~14 days (Marbà & Walker, 1999). We recorded 

slightly longer average initiation rates than previous findings (i.e. ~15 days leaf-1 

in May and ~25 days leaf-1 in June), probably due to seasonally low water 

temperatures during May (~16.6°C) and June (~14.5°C). Due to this low initiation 

rate many of our measurements were either 0 or 1 leaf meristem-1, making it very 

difficult to detect meaningful variation. This was compounded by the high 

proportion of marked leaves that were not recovered presumably due to the effects 

of nutrient enrichment or grazing.  

 

The lower epiphyte cover we found on the older seagrass leaves as a result of the 

grazing treatments was unexpected. Therefore, while our observations suggest 

urchins do not directly or intentionally consume encrusting calcified epiphytes, we 

do not discount the possibility entirely. Other potential mechanisms behind this 

decline in epiphytes are increased abrasion or a reduction in recruitment 

propugules where grazing reduced the seagrass biomass. Water movement is 

greatly reduced in Amphibolis meadows where leaf material is more abundant 

(van Keulen &  Borowitzka, 2002), and while epiphytes decline under increased 

flow, calcified assemblages are generally most resistant to abrasion (Lavery et al., 

2007). Alternatively, a subtle undetected increase in leaf initiation rate in response 

to grazing could have impacted the age and therefore the time for epiphyte 

recruiment at each respective leaf position. 
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Interestingly, grazing treatments reduced the % N in seagrass tissue, an effect that 

was generally stronger at enriched nutrients. This may have occurred if urchins 

preferentially consumed young tissue (i.e. meristems), as % N content in 

A. antarctica can decrease from >4 % in the youngest leaf to ~1 % of dry mass in 

the older leaves (Pedersen et al., 1997). Such a pattern of grazing would have 

resulted in older tissue being disproportionately represented in the biochemical 

analyses, which pooled all above ground leaf tissue from each replicate treatment. 

A preference for younger tissue appears likely given the magnitude of effects 

calculations found grazing explained 59 % of variation in meristem number, in 

comparison to only 46 % for total leaf biomass. Alternatively, grazing could have 

modified seagrass health and the ability of plants to incorporate available 

nitrogen, or a subtle undetected increase in growth could have diluted nitrogen 

content. 

 

Phenolics and leaf strength did not appear to modify grazing between treatments, 

nor did it appear grazing stimulated changes in these leaf properties. The total 

phenolic content recorded in A. antarctica (~8.5 % of DW) was relatively high 

compared to reports for other seagrasses (Agostini et al., 1998, Darnell &  Heck 

Jr, 2013, Grignon-Dubois et al., 2012, Vergeer &  Develi, 1997, Vergés et al., 

2011, Vergés et al., 2007b), however, in some instances similarly high levels have 

been found (McMillan, 1984, Steele &  Valentine, 2012, Vergeer et al., 1995, 

Vergés et al., 2007b). We suggest these high levels could be due to accumulation 

from a combination of low seasonal temperatures and slow growth (Coley, 1988, 

Dumay et al., 2004, Vergeer et al., 1995, Vergés et al., 2008). Interestingly, we 

found no effect of nutrients on leaf strength, whereas a highly significant positive 
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relationship between the strength of A. antarctica leaves and their biochemistry 

has previously been reported (de los Santos et al., 2012), although disparate 

methodologies might explain these differences as we did not remove epiphytes 

prior to strength trials unlike the aforementioned study, because we considered 

their structural presence might be an important determinant of leaf strength and 

thus palatability. 

 

Evidence for the disparate effects of nutrient enrichment on seagrass meadows 

continues to accumulate, with consequences varying from seemingly positive to 

highly negative (Anton et al., 2011, Bryars et al., 2011, Kelaher et al., 2013). 

Responses are dependent upon the many environmental conditions that make each 

seagrass meadow distinctive (e.g. exposure, depth, temperature, season, nutrient 

status, grazing & connectivity) (Anton et al., 2011, Kelaher et al., 2013). From an 

ecosystem services perspective, nutrient enrichment consistently increases the 

quality of food provided to first-order consumers, but simultaneously the effects 

of enrichment can progress to be largely negative as habitats are lost (Anton et al., 

2011). Thus, an initially positive effect when examining typically short-term per 

capita effects (i.e. lower grazing by first-order consumers due to greater food 

quality or quantity), could transition to be negative over longer temporal scales if 

nutrient enrichment inhibits seagrass or indirectly increases populations of 

herbivores. Importantly, herbivores often grow faster, accumulate greater biomass 

and, as a population, graze a larger proportion of primary production where the 

nutritional quality of food is greater (Cebrián, 1999, Cebrián et al., 2009). This is 

consistent with the observation of increased urchin abundance in meadows 

exposed to nutrient subsidies (Cambridge et al., 1986, Eklӧf et al., 2008, Ruíz 
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et al., 2001, Ruíz et al., 2009, Tewfik et al., 2005) and increases in urchin 

reproductive condition when fed high quality diets (Beddingfield &  McClintock, 

1998); although see (Livore &  Connell, 2012a). Therefore in many eutrophic 

events long-term population responses in urchin abundance may temper any 

benefits to seagrass from moderations in per capita grazing. 

 

In summary, nutrient enrichment moderated grazing impacts on seagrass leaves, 

but top-down grazer effects still had an overwhelming influence on seagrass 

habitats. Thus, in a region where top-down control is considered relatively weak 

(Bulleri et al., 2012, Livore &  Connell, 2012b), we confirm high densities of 

urchins can exceed bottom-up effects (i.e. nutrient enrichment) over relatively 

short time scales that likely correspond to the transient nature of urchin population 

flux. The provision of greater food quality (nutrients) or potentially quantity 

(epiphytes) appeared to be the moderating factor on per capita grazing, supporting 

the notion that nutrient-induced overgrazing would likely be associated with 

population effects (e.g. mass recruitment of urchins to seagrass meadows) rather 

than changing per capita grazing rates. 



95 
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Table 3.S1 Leaf biomass (gdw m-2) for seagrass exposed to sea-urchin grazing 

(absent v. moderate v. high) and nutrients (ambient v. enriched) for 82 days 

(n = 5). 

Leaf biomass (gdw m-2) 

Absent Grazing + Ambient Nutrients 94.27 ± 12.83 

Moderate Grazing + Ambient Nutrients 91.95 ± 19.78 

High Grazing + Ambient Nutrients 69.83 ± 12.35 

Absent Grazing + Enriched Nutrients 103.86 ± 36.75 

Moderate Grazing + Enriched Nutrients 87.69 ± 12.91 

High Grazing + Enriched Nutrients 109.20 ± 32.21 

(ANOVA: Grazing: F2,24 = 0.130, p = 0.896, Nutrients: F1,24 = 0.736, p = 0.392, Grazing 

× Nutrients F2,24 = 0.549, p = 0.562) 
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Table 3.S2 Leaf initiation per day for seagrass exposed to sea-urchin grazing 

(absent v. moderate v. high) and nutrients (ambient v. enriched) (n = 5-14). 

 1st period (May) 2nd period (June) 

Absent Grazing + Ambient Nutrients 0.077 ±  0.000 0.036 ±  0.012 

Moderate Grazing + Ambient Nutrients NDa NDa 0.041 ±  0.009 

High Grazing + Ambient Nutrients 0.038 ±  0.022 0.040 ±  0.007 

Absent Grazing + Enriched Nutrients 0.077 ±  0.028 0.033 ±  0.011 

Moderate Grazing + Enriched Nutrients NDa NDa 0.025 ±  0.008 

High Grazing + Enriched Nutrients 0.077 ±  0.020 0.060 ±  0.010 

a ND = No data taken 

(1st: Grazing: F1,20 = 1.085, p = 0.305, Nutrients: F1,20 = 1.085, p = 0.297, Grazing × 

Nutrients F1,20 = 1.085, p = 0.308) 

(2nd: Grazing: F2,52 = 1.276, p = 0.303, Nutrients: F1,52 = 0.001, p = 0.988, Grazing × 

Nutrients F2,52 = 1.462, p = 0.249) 
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Table 3.S3 Breaking force (mN) for seagrass exposed to sea-urchin grazing 

(absent v. moderate v. high) and nutrients (ambient v. enriched) for 169 days 

(n = 5). 

Breaking force (mN) 

Absent Grazing + Ambient Nutrients 1538.13 ±  117.78 

Moderate Grazing + Ambient Nutrients 1787.01 ±  084.76 

High Grazing + Ambient Nutrients 1730.25 ±  148.02 

Absent Grazing + Enriched Nutrients 1758.04 ±  178.49 

Moderate Grazing + Enriched Nutrients 1620.23 ±  121.91 

High Grazing + Enriched Nutrients 1767.82 ±  040.67 

(Grazing: F2,24 = 0.320, p = 0.751, Nutrients: F1,24 = 2.832, p = 0.117, Grazing × Nutrients 

F2,24 = 0.578, p = 0.580) 
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Table 3.S4 ANOVA for the effect of sea-urchin grazing (absent v. moderate v. 

high) and nutrients (ambient v. enriched) on the average water column nutrients of 

NOx, PO4 & NH3 within experimental plots over four dates following nutrient 

deployment. 

 Source df MS F P Pairwise 

NOx 
    

 

a NOx pairwise for average 

N, AN < EN 

 

Grazing (G) 2 5.15 × 10-6 0.17 0.850 

Nutrients (N) 1 7.20 × 10-4 24.04 0.002a 

G × N 2 3.54 × 10-6 0.12 0.893 

Residual 18 3.00 × 10-5 
  

PO4 
    

 

b PO4 pairwise for average 

N, AN < EN 

 

Grazing 2 4.56 × 10-6 0.64 0.551 

Nutrients 1 7.13 × 10-5 10.07 0.005b 

G × N 2 2.67 × 10-6 0.38 0.689 

Residual 18 7.08 × 10-6 
  

NH3 
    

 

Grazing 2 7.22 × 10-5 0.36 0.720  

Nutrients 1 5.62 × 10-4 2.79 0.107  

G × N 2 1.76 × 10-5 0.09 0.919  

Residual 18 2.02 × 10-4 
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Predation of urchins 

Above: A test of the urchin Amblypneustes pallidus subject to fish or crustacean 

predation. Below: A test of the urchin Amblypneustes pallidus subject to mollusc 

predation.  

Photo credits: Owen Burnell 
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PREAMBLE 

Chapter 4 was motivated by the significant role CO2 plays in the photosynthesis 

and growth of seagrass. While the preceding chapters focus on the local grazing 

ecology of seagrass, this chapter considers the consequences of a globally 

changing resource (i.e. CO2) that could deliver significant benefits to seagrass. 

The chapter is a reproduction of a co-authored manuscript currently in review at 

Conservation Physiology, and therefore is written in plural throughout and uses 

the journal formatting. The paper is written for a global audience with an interest 

in how CO2 could modify seagrass photosynthesis and growth. 
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Filamentous epiphytes on seagrass 

Amphibolis antarctica with heavy filamentous epiphyte growth during the Austral 

summer.  

Photo credits: Owen Burnell 
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PREAMBLE 

Chapter 5 was motivated by the significant role epiphytes play in seagrass 

ecology. While there is a vast amount of literature available on the independent 

physiological response of seagrass to short-term CO2 modifications, few studies 

focus on future longer-term ecological interactions. The chapter is a reproduction 

of a co-authored manuscript currently in review at Oecologia, and therefore is 

written in plural throughout and uses the journal formatting. The paper is written 

for a global audience with an interest in how CO2 could modify seagrass and 

epiphyte growth and the critical role of light in mediating this response. 
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CHAPTER FIVE  

 

SEAGRASS RESPONSE TO CO2 CONTINGENT ON EPIPHYTIC 

ALGAE: INDIRECT EFFECTS CAN OVERWHELM DIRECT 

EFFECTS 

 

5.1 ABSTRACT 

Increased availability of dissolved CO2 in the ocean can enhance the productivity 

and growth of marine plants such as seagrasses and algae, but realised benefits 

may be contingent on additional conditions (e.g. light) that modify biotic 

interactions between these plant groups. The combined effects of future CO2 and 

differing light were tested on the growth of seagrass and their algal epiphytes by 

maintaining juvenile seagrasses Amphibolis antarctica, under three different CO2 

concentrations representing ambient, moderate future and high future forecasts 

(i.e. 390, 650 v. 900 µl l-1) and two light levels representing low and high PAR 

(i.e. 43 v. 167 µmol m-2 s-1). Above and below ground biomass, leaf growth, 

epiphyte cover, tissue chemistry and photosynthetic parameters of seagrasses were 

measured. At low light, there was a neutral to positive effect of elevating CO2 on 

seagrass biomass and growth; at high light this effect of CO2 switched toward 

negative as growth and biomass decreased at the highest CO2 level. These 

opposing responses to CO2 appeared closely linked to the overgrowth of seagrass 

by filamentous algal epiphytes when high light and CO2 were combined. 

Importantly, all seagrass plants maintained positive leaf growth throughout the 
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experiment, indicating growth was inhibited by some experimental conditions, but 

not arrested entirely. Therefore, while greater light and CO2 provided direct 

physiological benefits for seagrasses, when combined such benefits were likely 

negated by overgrowth of epiphytic algae. This result demonstrates how indirect 

ecological effects from epiphytes can modify independent physiological 

predictions for seagrass associated with global change.  

 

5.2 INTRODUCTION 

Trees, grasses, aquatic plants, and other primary producers are widely anticipated 

to derive physiological benefits from a CO2-enriched atmosphere (Curtis and 

Wang 1998; Koch et al. 2013; Wand et al. 1999). Thus, despite the substantive 

concerns regarding the harmful effects of CO2 and climate change on many 

organisms (Orr et al. 2005; Thomas et al. 2004; Thuiller et al. 2005), CO2-

enriched oceans might benefit marine autotrophs, such as seagrasses and algae 

(Beer and Koch 1996; Palacios and Zimmerman 2007), which can presently be 

carbon limited or reliant on energetically-costly pathways for photosynthesis (i.e. 

use of bicarbonate rather than dissolved CO2) (Beardall et al. 1998; Koch et al. 

2013; Raven 1991). While much focus has surrounded these direct physiological 

responses of marine plants to global changes in CO2, biotic interactions can 

indirectly modify responses (Connell et al. 2011), especially among taxa that 

compete for resources (Connell et al. 2013; DeLucia et al. 1999). 

 

Interactions between seagrasses and the epiphytes that colonise them are often 

concerning in locations that suffer seagrass loss as a consequence of changing 

environmental resources (Bryars et al. 2011; Thomsen et al. 2012). Declines in 
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seagrass abundance and distribution are commonly associated with excessive 

epiphyte proliferation, often due to increases in nutrient availability (Mabrouk et al. 

2013; Orth and Moore 1983; Walker and McComb 1992). While seagrasses 

facilitate algal epiphytes by providing a substrate for their recruitment and growth, 

epiphytes can have detrimental effects on their benefactors by competing and acting 

as a physical barrier for light, dissolved inorganic carbon (Ci) and nutrients 

(Borowitzka et al. 2006; Nayar et al. 2009; Nayar et al. 2010; Sand-Jensen 1977). 

Due to the high light requirements of seagrasses for photosynthesis, they are 

particularly vulnerable to environmental changes that affect its attenuation (Duarte 

1991; Orth et al. 2006; Short and Wyllie-Echeverria 1996), but growth can 

similarly be inhibited by secondary limitations, such as CO2 or nutrients (Alexandre 

et al. 2012; Touchette and Burkholder 2000). 

 

Under contemporary CO2 conditions seagrasses appear to experience greater carbon 

limitation and reliance on energetically-costly pathways for photosynthesis (i.e. use 

of bicarbonate rather than dissolved CO2) than many algae, which suggests seagrass 

may benefit more from future CO2 enrichment (Beer and Koch 1996; Koch et al. 

2013). However, realised responses could depend on local-scale biotic interactions 

between seagrasses and their algal epiphytes (e.g. competition for resources). In 

terrestrial ecosystems the importance of combining ecology and physiology to 

understand the role of CO2 in shaping communities has long been emphasised 

(Reekie and Bazzaz 1989; Williams et al. 1986). For example, changes in CO2 can 

modify the community structure of terrestrial plants by favouring those species with 

greater canopy height that dominate light acquisition (Reekie and Bazzaz 1989).  

Seagrass systems are known to display similar environmentally mediated responses 
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to different abiotic conditions. For example, coastal nutrient enrichment, which can 

benefit both seagrass and epiphytes by releasing them from nutrient limitation 

(Kelaher et al. 2013), typically causes disproportionate increases in epiphyte growth 

that results in seagrass decline (Bryars et al. 2011; Orth et al. 2006; Walker and 

McComb 1992). Importantly, any increase in epiphyte cover due to CO2 

enrichment has the potential to accelerate global seagrass loss (Short and Neckles 

1999), with almost one-third of historical abundance already lost during the past ~ 

130 years (Waycott et al. 2009). 

 

Evidence from kelp-dominated systems indicates that CO2 enrichment can promote 

the growth and recruitment of filamentous algae (Connell and Russell 2010; 

Falkenberg et al. 2013; Hepburn et al. 2011; Russell et al. 2011), which as 

epiphytes can colonise and damage seagrass. Limited testing of seagrass-algal 

interactions to moderate changes in CO2 suggests that seagrass biomass could 

increase relative to free-living and epiphytic macro-algae; however, under 

additional conditions that favour algal growth (i.e. warming) positive effects on 

seagrass might be ameliorated (Eklӧf et al. 2012). Similarly, light which varies 

concomitantly with many different environmental factors (e.g. depth, 

eutrophication, coastal sedimentation or season), can favour the proliferation of 

different algal epiphyte groups that grow on seagrass (Borowitzka et al. 2006; 

Collings et al. 2006). In particular, filamentous algae are known to grow and 

occupy available space more rapidly under shallow well-illuminated conditions 

(Russell et al. 2011).  

 



140 

 

The seagrass Amphibolis antarctica has undergone significant loss in southern 

Australia likely as a result of epiphyte overgrowth (Bryars et al. 2011; Bryars et al. 

2008; Walker and McComb 1992) and its recovery following disturbance appears 

to be particularly slow (Bryars and Neverauskas 2004; Burnell et al. 2013a). 

Physiology alone might predict a positive response of this seagrass to increasing 

CO2 (Beer and Koch 1996; Koch et al. 2013), however, concomitant positive 

epiphytic responses could modify any realised benefits on seagrass. We tested how 

the availability of CO2 and light can affect the growth of A. antarctica and its algal 

epiphytes, by rearing juvenile seagrass for three months under various 

combinations of CO2 concentrations and Photosynthetically Active Radiation 

(PAR). We tested the hypothesis that the benefits of CO2 enrichment on seagrass 

growth would be reduced at high light intensities potentially due to excessive 

growth of filamentous epiphytes on seagrass leaves. If supported, this would 

demonstrate how indirect ecological effects can modify independent physiological 

predictions associated with global change. 

 

5.3 MATERIALS AND METHODS  

5.3.1 Collection site and biology 

Juvenile seagrasses Amphibolis antarctica and any epiphytes growing on these 

plants were collected by hand from snorkelers at a depth of 3-4m near Marino 

Rocks in Gulf St Vincent, South Australia (35° 02.806′S, 138° 30.350′E). Plants 

were then transported in aerated aquaria to The University of Adelaide and kept in 

a glasshouse for one week to acclimatise to ambient conditions prior to the 

commencement of the experimental trials. The seagrass genus Amphibolis 

produces viviparous seedlings which typically become detached from adult plants 
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during winter, and recruit to rough surfaces (e.g. seagrass rhizome banks) using a 

grappling apparatus; see Ducker et al. (1977). These juveniles can be transplanted 

into a laboratory environment before developing any root or rhizome network, 

therefore, avoiding common problems of laboratory trails such as root exposure 

and associated necrosis. Using juvenile seagrasses also ensured individual plants 

did not have differential nutritional support via translocation of resources from the 

large network of integrated clones in mature meadows. The distinctive 

morphology of Amphibolis includes leaf clusters upon short shoots, a number of 

which extend from each vertical rhizome. In mature plants this vertical rhizome 

becomes a perennial stem which can accumulate many epiphytes. Partly to avoid 

epiphyte accumulation on leaves, older leaves are continually shed, while new 

leaves are continually produced at the centre or meristem of each leaf cluster, 

approximately one every 14 days (Marbà and Walker 1999). For a detailed 

summary of the morphology of juvenile and mature A. antarctica plants; see 

Ducker et al. (1977) and Marbà and Walker (1999), respectively. 

 

5.3.2 Experimental design 

The effects of CO2 and light were tested by planting seagrasses (average height = 

8.56 ± 0.10 cm plant-1, average fresh weight = 1.11 ± 0.07 g plant-1) in sediment 

from the collection within transparent 2 l cylindrical microcosms (n = 36 

microcosms, height = 32 cm, diameter = 10 cm, water depth = 25 cm, sediment 

depth = 5 cm). Seagrasses were introduced to the experimental trials with 

epiphyte communities present from the collection site. These communities were 

dominated by calcified and filamentous epiphytes living on the older leaves of 

each plant. Temperatures were maintained at 20°C using heater/chiller units 
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(TECO, Ravenna, Italy) attached to a recirculating water bath. This temperature 

was chosen as an average seawater temperature at the collection site over the 

experimental period. Due to the dynamic nature of the light climate in the near 

shore environment this temperature is relevant for plants across a wide array of 

light intensities. Salinity and water quality were maintained by replacing 70% of 

the microcosm volume with new seawater twice weekly. While the salinity and 

alkalinity levels reported may appear abnormally high (Table 1), low rainfall and 

high evaporation in southern Australia results in many bays and estuaries, 

including Gulf St Vincent, with naturally high salinity and alkalinity, and seagrass 

species such as A. antarctica show great tolerance and prosperity under such 

conditions (Walker 1985). 

 

Three CO2 levels (ambient CO2, moderate CO2 & high CO2, hereafter ACO2, 

MCO2 & HCO2) and two light levels (low light & high light, hereafter LL & HL) 

were used in a fully orthogonal design, creating a total of six treatment 

combinations. Seagrasses were maintained in microcosms for 12 weeks, with six 

replicate microcosms for each treatment and four juvenile seagrasses planted 

within each microcosm. Light treatments were fixed in two different blocks, while 

CO2 treatments were randomly allocated to microcosms within each of these 

blocks. This approach ensured all microcosms could be included within the same 

water bath that maintained a constant temperature of 20°C.  
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5.3.3 CO2 

Carbon dioxide levels were chosen to cover a range of possible levels forecasted 

prior to the year 2100 (Meehl et al. 2007) representing current atmospheric CO2 

(~390 µl l-1), moderate future (~650 µl l-1) and high future (~900 µl l-1) scenarios. 

To control CO2 the experimental microcosms were constantly aerated (0.8 l min-1) 

with either ambient or CO2-enriched air from Pegas gas mass flow controllers 

(Columbus Instruments, CO, USA). Temperature, salinity and pH were measured 

daily and total alkalinity was measured weekly to calculate carbonate chemistry 

outcomes from the microcosms (Table 1). 

 

5.3.4 Light 

Levels of light were chosen to represent a range of natural irradiances that occur 

in seagrass meadows within Gulf St Vincent, South Australia (Bryars et al. 2011; 

Irving 2009). Environmental conditions in natural meadows, such as depth, 

eutrophication, wind direction and season deliver changes in attenuation, such that 

light intensities vary on both a spatial and temporal scale. Seagrasses were 

exposed to natural Photosynthetically Active Radiation (PAR) in the glasshouse 

by sheltering them from full surface irradiance using 50% black shade cloth over 

the entire experimental glass house (HL treatment) and additional 70% black 

shade cloth over half of the microcosms (LL treatment). Light was recorded in lux 

using Hobo® waterproof light and temperature pendant data loggers (Onset®, MA, 

USA), and converted to give an approximation of PAR using the constant (1 lux = 

54 µmol m-2 s-1) for sunlight as recommended by Thimijan and Heins (1983). 

Approximately 75% of PAR was attenuated by the additional shade cloth over LL 

treatments, when compared with HL treatments, such that average daily PAR 
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across a 12-hr photoperiod for HL = 166.9 ± 9.5 µmol m-2 s-1, compared with LL 

= 42.5 ± 2.7 µmol m-2 s-1. These treatments resembled levels below and above 

ambient light previously recorded in a nearby seagrass meadow of 3.5m depth (i.e. 

70 µmol m-2 s-1; see Irving (2009). Peak daily irradiances occurred at ~1:00 pm 

for HL = 541.6 ± 45.7, compared with LL = 111.3 ± 11.7 (see Electronic 

Supplementary Material). 

  

5.3.5 Biomass and growth parameters 

Filamentous algal epiphytes that were dominated by Phaeophyta (i.e. brown algal 

species) were sampled from both shed leaves and living plants. The final four 

leaves shed in each experimental microcosm were used to determine average 

epiphyte biomass per shed leaf. Filamentous epiphytes were removed by lightly 

scraping shed leaves using a razor blade before washing filamentous epiphytes in 

5% HCl to remove any sediment trapped amongst the algae. After 12 weeks 

whole individual seagrasses were scraped in the same fashion. All filamentous 

algae were dried and weighed to measure dry weight. To measure biomass 

seagrass leaves and shoots (i.e. above ground biomass) were separated from roots 

and rhizomes (i.e. below ground biomass) and dried for 48 hours at 60 °C. Above 

ground components of seagrass were then acid washed in 5% HCl to remove any 

calcified algal epiphytes and re-dried for 48 hours at 60 °C to measure dry weight 

as recommended in Kendrick and Lavery (2001). Calcified epiphyte biomass that 

consisted entirely of encrusting species was quantified by subtracting the final 

seagrass dried weight after acid washing from initial dried weight prior to acid 

washing for both shed leaves and living plants. Seagrass tissue from living plants 

was then ground with a mortar and pestle and analysed for carbon and nitrogen (% 
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N and % C) on an Isotope Ratio Mass Spectrometer (Hydra 2020 ANCA-GSL 

Version 4.0, Sercon). 

 

Seagrass growth during the experiment was measured by recording new leaf 

initiation, quantified by clipping the corner of the second youngest leaf on each 

plant at the commencement of the treatment period. This method is less obtrusive 

than sheath marking or using leaf ties, which can impact meristem growth and 

plant buoyancy (O. W. Burnell pers. obs.). Because Amphibolis spp. grow by 

continually initiating new leaves at the centre (or meristem) of each leaf cluster it 

is possible to track growth by counting the leaves produced above the clipped leaf. 

The total number of leaves on each leaf cluster was also recorded before planting 

and again after 12 weeks to calculate total leaf balance and shedding (i.e. Leaf 

Balance = (Final # Leaves – Initial # Leaves)/Days, Leaf Shedding = (New Leaf 

Initiation – Leaf Balance)/Days).  

 

5.3.6 PAM Fluorometry  

A diving PAM fluorometer (Walz, Germany) was used to record Rapid Light 

Curves (RLCs) and Maximum Quantum Yield (QYmax) for seagrasses acclimated 

to experimental conditions after 12 weeks. The PAM generated a RLC by 

delivering nine successive irradiances (0, 18, 37, 62, 92, 125, 186, 256 & 400 

µmol m-2 s-1) of 10 seconds each followed by a saturating pulse of light, to record 

Effective Quantum Yield (ФPSII) at each successive light level. All RLC 

measurements were taken between 11:00 am – 12:30 pm. To calculate absolute 

Electron Transport Rate (ETR) the light absorbance of the sample leaf was taken 

by placing the quantum sensor directly behind the leaf and measuring the 
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percentage of light that was absorbed. ETR was calculated from the equation ETR 

= ФPSII × PAR × leaf absorbance × 0.5. Actual leaf absorbance was measured in 

favour of using the traditional ETR factor of 0.84. The traditional ETR factor is 

more relevant for terrestrial plants, particularly as reflection from the leaf surface 

is negligible during underwater measurements (Beer et al. 2001).  QYmax was 

determined from pre-dawn fluorescence measurements. 

 

5.3.7 Statistical analyses 

Prior to all analyses homogeneity of variances was tested using Levene’s test, 

however, normality was not tested as the permutation based analysis used makes 

no explicit assumptions regarding normality. Only ETRmax was found to violate 

the assumption of homogeneity of variance, therefore, data were log transformed 

prior to analysis. Univariate two-factor ANOVA was then used to compare the 

effect of CO2 and light treatments on seagrass (i.e. biomass, leaf growth, ETRmax, 

QYmax & tissue C/N) and epiphytes (i.e. filamentous and calcified biomass) using 

the program PERMANOVA+ for Primer v6. CO2 and light were treated as fixed 

and orthogonal. As epiphytes can increase with substrate availability, seagrass leaf 

biomass was used as a covariate for both filamentous and calcified epiphyte 

biomass in the ANOVAs. Averages from each microcosm were used as replicates. 

Permutation based unplanned post-hoc pairwise comparisons were used where 

significant terms were detected. Linear regression was used to compare the effect 

of total epiphyte biomass and total seagrass biomass on % nitrogen in plant 

tissues.  
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5.4 RESULTS 

5.4.1 Seagrass biomass 

A contrasting pattern emerged for both above ground and below ground biomass, 

whereby CO2 had a neutral or positive effect on seagrass at low light (LL), but a 

neutral or negative effect at high light (HL). This pattern involved a complex 

interaction between the two experimental factors of light and CO2 (Table 2a). 

Under LL there was no difference in above ground biomass between the three 

different concentrations of CO2, whereas at HL seagrass biomass was lower under 

high CO2 (HCO2) compared with ambient CO2 (ACO2) and moderate CO2 

(MCO2) plants. When the effect of light was considered on above ground biomass, 

HL resulted in greater biomass at ACO2, but this effect was not present at either 

MCO2 or HCO2 (Fig. 1a). For below ground biomass under LL both MCO2 and 

HCO2 had greater biomass than ACO2, whereas under HL biomass at HCO2 was 

lower than MCO2. When the effect of contrasting light conditions was considered 

on below ground biomass, HL resulted in greater biomass at ACO2, but this effect 

was not present at either MCO2 or HCO2 (Fig. 1b, Table 2b). 

 

5.4.2 Leaf growth 

Leaf growth parameters displayed a similar pattern to biomass. While at LL CO2 

had no significant effect on new leaf initiation, at HL new leaf initiation decreased 

for seagrass under HCO2 when compared with MCO2 treatments. Similarly, the 

effect of HL progressed from positive at ACO2 to neutral or negative at HCO2. 

For example, at both ACO2 and MCO2 HL promoted greater new leaf initiation, 

but this effect was absent at HCO2 (Fig. 2, Table 2c). Similarly, the positive effect 

of light on leaf balance at MCO2, switched to become negative at HCO2 (Fig. 2, 
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Table 2d). This change in leaf balance was a combination of both lower new leaf 

initiation and greater leaf shedding at HL and HCO2. While the pairwise 

comparisons for the interaction between CO2 and light varied between biomass 

and leaf growth, consistent patterns within the data show the disparate effect of 

HCO2 on seagrass at LL compared with HL.
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Table 5.1 Sea water chemistry in the experimental microcosm. Measurements of pH, temperature, salinity and total alkalinity were used to 

calculate average carbonate chemistry values for the experimental period. ACO2 = ambient CO2; MCO2 = moderate CO2; HCO2 = high CO2; LL 

= low light; HL = high light. AT = total alkalinity; TCO2 = total CO2; pCO2 = CO2 partial pressure; HCO−
3
 = bicarbonate; CO−2

3 = carbonate; Pa = 

pascals; kgsw = kilogram of seawater 

 

 pH 

AT                  

(µmol              

kgsw -1) 

Salinity         

(g kgsw-1) 

Temp            

(° C) 

TCO2 

(µmol 

kgsw -1) 

pCO2 

(Pa) 

HCO −
3
 

(µmol 

kgsw -1) 

CO −2
3  

(µmol 

kgsw -1) 

CO2 

(µmol 

kgsw -1) 

ACO2 & LL 8.12 ± 0.002 2700.88 ± 26.90 40.30 ± 0.06 19.84 ± 0.01 2308.73 38.067 2011.41 285.47 11.84 

ACO2 & HL 8.16 ± 0.002 2664.34 ± 15.35 40.39 ± 0.07 19.86 ± 0.01 2250.79 34.075 1942.12 298.08 10.59 

MCO 2 & LL 7.94 ± 0.004 2669.33 ± 11.63 39.95 ± 0.07 19.86 ± 0.01 2400.38 62.050 2176.99 204.06 19.33 

MCO 2 & HL 7.96 ± 0.002 2688.77 ± 27.36 40.16 ± 0.04 19.87 ± 0.01 2406.84 59.646 2175.58 212.80 18.56 

HCO2 & LL 7.82 ± 0.003 2696.77 ± 34.73 39.96 ± 0.05 19.87 ± 0.01 2497.59 88.369 2308.82 161.24 27.52 

HCO2 & HL 7.83 ± 0.002 2729.44 ± 16.38 40.26 ± 0.06 19.85 ± 0.02 2518.55 85.614 2322.71 169.21 26.63 
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Figure 5.1 a) Above ground and b) below ground biomass of juvenile seagrass 

Amphibolis antarctica plants grown at different CO2 and light levels for 12 weeks. 

ACO2 = ambient CO2; MCO2 = moderate CO2; HCO2 = high CO2; LL = low light; 

HL = high light. Bars represent Mean ± SE (n = 6) 
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Figure 5.2 Leaf initiation, shedding and net balance for juvenile seagrass grown 

at different CO2 and light levels for 12 weeks. ACO2 = ambient CO2; MCO2 = 

moderate CO2; HCO2 = high CO2; LL = low light; HL = high light. Bars represent 

Mean ± SE (n = 6) 
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Table 5.2 ANOVA comparing the effects of CO2 and Light on the a) above 

ground, b) below ground biomass, c) leaf initiation and d) leaf balance of juvenile 

seagrass Amphibolis antarctica after 12 weeks. ACO2 = ambient CO2; MCO2 = 

moderate CO2; HCO2 = high CO2; LL = low light; HL = high light. Significant 

effects from ANOVA are highlighted in bold 

Source df MS F p pairwise 

a) Above Ground 

a at LL, ACO2 = MCO2 = HCO2; 

at HL, ACO2 = MCO2 > HCO2; 

at ACO2, LL < HL; at MCO2, LL 

= HL; at HCO2, LL = HL. 

CO2 2 2.88 × 10-4 0.5351 0.58 

Light 1 2.46 × 10-3 4.5769 0.035 

CO2 × Light 2 2.46 × 10-3 4.5713 0.022a 

Residual 30 5.39 × 10-4 

b) Below Ground  

b at LL, ACO2 < MCO2 = HCO2; 

at HL, ACO2 = MCO2, ACO2 = 

HCO2, MCO2 > HCO2; at ACO2, 

LL < HL; at MCO2, LL = HL; at 

HCO2, LL = HL. 

CO2 2 4.84 × 10-4 3.8464 0.033 

Light 1 8.34 × 10-4 6.6277 0.018 

CO2 × Light 2 5.00 × 10-4 3.9741 0.027b 

Residual 30 1.26 × 10-4   

c) Leaf Initiation 
 

c at LL, ACO2 = MCO2 = HCO2; 

at HL, ACO2 = MCO2, ACO2 = 

HCO2, MCO2 > HCO2; at ACO2, 

LL < HL; at MCO2, LL < HL; at 

HCO2, LL = HL. 

CO2 2 3.40 × 10-4 1.34 0.31 

Light 1 6.38 × 10-3 25.146 0.001 

CO2 × Light 2 1.08 × 10-3 4.2697 0.022c 

Residual 30 2.54 × 10-4                  

d) Leaf Balance 
 

d at LL, ACO2 = MCO2 = HCO2; 

at HL, ACO2 = MCO2, ACO2 = 

HCO2, MCO2 > HCO2; at ACO2, 

LL = HL; at MCO2, LL < HL; at 

HCO2, LL > HL. 

CO2 2 1.06 × 10-3 1.0429 0.36 

Light 1 2.51 × 10-3 2.4711 0.13 

CO2 × Light 2 4.86 × 10-3 4.7802 0.013d 

Residual 30 1.02 × 10-3                   

 



153 

 

5.4.3 Seagrass epiphytes 

The biomass of filamentous epiphytes was greater at HL. CO2 also increased 

filamentous epiphyte biomass when elevated at HL. While these effects were not 

significant when whole plants were sampled at the conclusion of the experiment, 

they were clearly evident on the older leaves continually being shed by seagrasses 

(Figs. 3a,b). Filamentous epiphytes accumulated dispropotionately on the older 

leaves at HL, thus sampling singular shed leaves was the most accurate way to 

measure this pattern non-destructively. Under the combination of HCO2 and HL 

the shed leaves had accumulated greater biomass of filamentous epiphytes than 

leaves under combined ACO2 and HL conditions, while no differences were 

observed between CO2 treatments under LL. Light had a strong positive effect on 

the growth of filamentous epiphytes, as biomass was greater in all HL treatments 

(Table 3a). The opposite was found for calcified epiphytes, whereby CO2 had no 

effect on shed leaves and decreased biomass on living seagrass (Fig. S2a,b). The 

biomass of both algal epiphyte groups generally had a positive relationship with 

leaf biomass, which was incorporated as a covariate in all ANOVA for epiphyte 

biomass. This association was particularly strong for calcified epiphytes (r2 = 0.75 

and 0.82, on shed and living leaves, respectively), but less so for filamentous 

epiphytes (r2 = 0.34 and 0.09, on shed and living leaves, respectively), and thus 

was only a signifcant covariate in three of the four analyses (Tables 3a,b, S1a,b).  
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Figure 5.3 a) Filamentous epiphytes on a) shed leaves and b) living plants of 

juvenile seagrass grown at different CO2 and light levels for 12 weeks. ACO2 = 

ambient CO2; MCO2 = moderate CO2; HCO2 = high CO2; LL = low light; HL = 

high light. Bars represent Mean ± SE (n = 6) 
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Table 5.3 ANOVA comparing the effects of CO2 and Light on the biomass of 

filamentous epiphytic algae on juvenile seagrass Amphibolis antarctica after 12 

weeks. ACO2 = ambient CO2; MCO2 = moderate CO2; HCO2 = high CO2; LL = 

low light; HL = high light. Significant effects from ANOVA are highlighted in 

bold 

     Source df MS F P pairwise 

a) Shed leaves  

a at LL, ACO2 = MCO2 = HCO2; 

at HL, ACO2 = MCO2, MCO2 = 

HCO2, ACO2 < HCO2; at ACO2, 

LL < HL; at MCO2, LL < HL; at 

HCO2, LL < HL. 

Covariate 1 1.64 × 10-5 6.046 0.022 

CO2 2 7.77 × 10-6 2.860 0.062 

Light 1 8.85 × 10-5 32.56 0.001 

CO2 × Light 2 1.08 × 10-5 3.968 0.026a 

Residual 29 2.72 × 10-6   

b) Living plants  

Covariate 1 4.05 × 10-4 0.951 0.32  

CO2 2 1.65 × 10-4 0.386 0.70  

Light 1 9.56 × 10-4 2.248 0.12  

CO2 × Light 2 3.40 × 10-5 0.080 0.93  

Residual 29 4.25 × 10-4                    
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5.4.4 Seagrass physiology 

Light had a strong physiological effect on seagrass, which was consistent across 

all levels of CO2. Under HL, ETRmax increased compared to LL (Fig. 4a,b,c), 

while the light harvesting capabilities of leaves generally decreased (i.e. QYmax) 

(Table 4). In contrast, the physiological effects of CO2 were not as consistent (Fig. 

4a,b,d). While ETR was generally higher where CO2 was enriched, this pattern 

was not-significant (Fig. 4). Interestingly, while the QYmax was lower in HL 

compared to LL plants at the halfway point of the experiment, after 12 weeks this 

difference was absent (Table 4). It is important to remember these measurments 

were taken on the younger leaves that were realtively free of epiphytes, therefore 

they largely reflect the direct benefits of CO2 and light, rather than changes caused 

by epiphytes on the older leaves. Taking measurements on older leaves would 

have required destroying epiphyte assemblages and associated confounding 

effects.  
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Figure 5.4 a) Rapid Light Curves (RLC) (n = 6), b) ETRmax (n = 6), c) RLC 

pooled by light treatment (n = 18) and d) RLC pooled by CO2 treatment (n = 12) 

for juvenile seagrass plants grown at different CO2 and light levels for 12 weeks. 

ACO2 = ambient CO2; MCO2 = moderate CO2; HCO2 = high CO2; LL = low light; 

HL = high light. ETR calculated at nine different successive irradiances (0, 18, 37, 

62, 92, 125, 186, 256 & 400 µmol m-2 s-1). Bars represent Mean ± SE. (ANOVA 

for ETRmax, CO2: F2,30 = 1.14, p = 0.364, Light: F1,30 = 5.62, p = 0.033, CO2 × 

Light: F2,30 = 2.23, p = 0.137) 
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5.4.5 Seagrass biochemistry  

Variations to the tissue chemistry of seagrass were driven largely by light 

conditions that caused changes in % N, while the % C of seagrasses did not 

change significantly between the treatments. These changes resulted in C:N ratios 

increasing under HL, as well as CO2 (Table 4). An inverse relationship also 

emerged between seagrass % N and the biomass of both seagrass and algal 

epiphytes in the experimental microcosms. This was supported by regression 

analysis of % N with total seagrass biomass (r2 = 0.280) and total epiphyte 

biomass (r2 = 0.378) (Fig. S3a,b). 
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Table 5.4 Average values and ANOVA for QYmax, % N, % C & C:N of juvenile seagrass Amphibolis antarctica grown at different CO2 and 

light levels for 12 weeks. ACO2 = ambient CO2; MCO2 = moderate CO2; HCO2 = high CO2; LL = low light; HL = high light; gdw = gram of 

dry weight. Mean ± SE (n = 6). Significant effects from ANOVA are highlighted in bold 

QYmax 

(6 weeks) 

QYmax 

(12 weeks) 

% N 

(gdw) 

% C 

(gdw) 

C:N 

ACO2 & LL 0.683 ± 0.016 0.656 ± 0.033 1.45 ± 0.08 62.61 ± 3.06 43.34 ± 1.39 

ACO2 & HL 0.567 ± 0.029 0.646 ± 0.021 1.29 ± 0.04 61.69 ± 2.41 47.85 ± 1.46 

MCO 2 & LL 0.672 ± 0.016 0.658 ± 0.012 1.38 ± 0.02 64.01 ± 1.50 46.40 ± 0.94 

MCO 2 & HL 0.588 ± 0.019 0.638 ± 0.024 1.16 ± 0.05 63.06 ± 2.23 55.06 ± 3.13 

HCO2 & LL 0.671 ± 0.018 0.683 ± 0.017 1.30 ± 0.07 62.01 ± 2.24 47.85 ± 1.46 

HCO2 & HL 0.538 ± 0.015 0.631 ± 0.023 1.26 ± 0.06 65.27 ± 2.20 52.22 ± 1.95 

df F P F P F P F P F P 

CO2 2 2.14 0.13 0.08 0.92 2.10 0.13 0.29 0.76 3.67 0.044a 

Light 1 33.17 0.001 2.17 0.18 4.59 0.049 0.05 0.83 7.27 0.012 

CO2 × Light 29 1.92 0.15 0.46 0.64 0.70 0.52 0.57 0.56 0.01 0.99 

aCO2 Pairwise C:N ACO2 < MCO2 = HCO2.  



160 

 

5.5 DISCUSSION 

The opposing effects of CO2 on seagrasses under different irradiances highlights 

that forecasts of direct effects under global change might be modified where 

primary producers interact. We found that the generally positive effects of CO2 

enrichment on seagrass growth and biomass (Campbell and Fourqurean 2013; 

Jiang et al. 2010; Palacios and Zimmerman 2007; Russell et al. 2013) became 

negligible and even unfavourable for growth under high light, which was 

accompanied by greater proliferation of filamentous algal epiphytes. While 

physiology predicts the benefits of CO2 enrichment for seagrass could exceed 

those for algae (Beer and Koch 1996), purely physiological studies can have 

temporal constraints that limit their reconciliation with biotic interactions. Our 

findings build upon this physiological theory by showing the positive responses of 

filamentous epiphytes to CO2 under high irradiances were concomitant with 

reduced seagrass biomass and leaf balance. Importantly, all seagrass plants 

maintained positive leaf growth throughout the experiment, indicating growth was 

inhibited by the experimental conditions (e.g. the combination of high light and 

CO2), but not arrested entirely. 

 

Similar biotic interactions occur across biomes, where seemingly beneficial 

abiotic factors might indirectly inhibit certain taxa. Under CO2 enrichment in 

terrestrial systems, species lower in the canopy can be disadvantaged  in 

comparison to those species with a greater canopy height that acquire more light 

(Reekie and Bazzaz 1989). On sub-tidal rocky reef, canopy-forming kelp can limit 

the response of opportunistic understorey turf algae species to abiotic changes in 

nutrients and CO2 (Falkenberg et al. 2012; Russell and Connell 2005) and in 
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seagrass meadows eutrophication can favour opportunistic species (i.e. epiphytes), 

that overgrow and inhibit the response of habitat formers (i.e. seagrass) (Bryars et 

al. 2011; Tomasko and Lapointe 1991). Collectively, these examples and our 

study help to build an understanding that biotic interactions have the potential to 

modify direct physiological predictions associated with global change.  

 

In all of these examples the species that limits the response of another appears to 

dominate resource acquisition, most likely due to their physical position. 

Epiphytes can inhibit seagrass physiological performance in several ways, 

including direct shading, expansion of the diffusive boundary layer, as well as 

providing a physical barrier and competition for both nutrient and Ci acquisition 

(Borowitzka et al. 2006; Nayar et al. 2009; Nayar et al. 2010; Sand-Jensen 1977). 

Epiphyte photosynthesis can expand the area depleted in Ci that surrounds a leaf, 

while simultaneously increasing O2 concentrations and, therefore, promoting 

greater photorespiration in the host plant (Sand-Jensen 1989; Sand-Jensen et al. 

1985). Experiments within filamentous algal communities on sub-tidal rock show 

productivity of the algae itself decreases rapidly as a function of biomass, which is 

caused by self-shading and boundary layer effects (Copertino et al. 2009). It 

follows that living substrata, such as seagrass leaves, could be similarly impacted.  

 

While seagrasses have significant scope to benefit from increased CO2, algal 

responses are more variable (Beer and Koch 1996; Koch et al. 2013). Often algal 

species which already have an efficient carbon concentrating mechanisms will 

show no response to CO2 enrichment (Israel and Hophy 2002). Whereas, less 

morphologically complex algae, such as the filamentous epiphytes in this 
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experiment, often appear to lack an efficient carbon concentrating mechanism in 

contemporary CO2 environments, thus may benefit disproportionately from 

greater direct diffusion of CO2 in the future (Falkenberg et al. 2013a; Hepburn et 

al. 2011). Yet, there is limited information on the carbon acquisition pathways of 

many algae species, which can be strong competitors and in some instances 

nuisance species (Koch et al. 2013; Thomsen et al. 2012). 

 

While many non-calcified algal groups benefit from CO2 enrichment (Connell and 

Russell 2010; Sarker et al. 2013; Zou and Gao 2009), this contrasts with calcified 

epiphytes that can decrease where lower carbonate saturation favours dissolution 

or limits recruitment (Hall-Spencer et al. 2008; Martin et al. 2008). In accordance 

with this prediction, calcified epiphytes decreased at HCO2. While lower 

carbonate saturation might have caused this loss of calcified epiphytes, this effect 

could also have been driven by greater leaf shedding from plants at HCO2 and HL, 

as older leaves support greater biomass of calcified epiphytes. While calcified 

epiphytes can impact A. antactica in a negative manner (Burnell unpublished 

data), the strong positive co-variation between calcified epiphytes and seagrass 

biomass is a common association (James et al. 2009), and suggests calcified 

epiphytes were more likely to be a “passenger” on seagrass leaves, rather than 

inducing seagrass loss. 

 

Physiological responses pointed to the direct benefits of light and CO2 for 

seagrass. Greater light and CO2 resulted in generally higher ETRmax, albeit this 

response was non-signifcant for CO2. This increase in ETRmax was concomitant 

with a decrease in QYmax. These responses represent predictable effects of photo-
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acclimation, where light limited plants might increase their harvesting capabilities 

(i.e. QYmax), but still maintain lower ETRmax (Kubler and Raven 1995; Schwarz 

and Hellblom 2002). The non-significant effect of QYmax after 12 weeks 

suggested that HL plants possibly increased the harvesting capacity of young 

leaves, as older leaves became overgrown and shed.  

 

Treatment effects on seagrass growth were also evident in the changing chemical 

composition of plant tissues. The observed decreases in % N (increased C:N) 

under HL are attributable to the dilution of nitrogen from increasing accumulation 

of non-structural carbohydrates (Campbell and Fourqurean 2013; Gifford et al. 

2000; Peralta et al. 2002; Stitt and Krapp 1999), which was supported by 

regression analysis of total seagrass biomass against % N of seagrass (r2 = 0.280). 

A portion of this could also be due to increasing nitrogen demand by plants at 

high CO2 where photosynthesis can increase (Alexandre et al. 2012; Stitt and 

Krapp 1999). While increased seagrass growth under enriched CO2 can induce 

nitrogen limitation (Alexandre et al. 2012), the internal nitrogen content in plants 

was within natural limits sampled from other oligotrophic meadows in the Gulf St 

Vincent (Range 1.01–1.70%; Burnell unpublished data) and locations sampled in 

Western Australia (Range 0.75–2.5%; Burkholder et al. 2013). Significant 

nitrogen limitation restricting growth during the experiment would also seem 

unlikely given the greatest growth was observed where % N was lowest. The 

significant negative relationship between total epiphyte biomass and seagrass % N 

(r2 = 0.378) could indicate that competition from epiphytes limited seagrass 

nitrogen acquisition, but this could also reflect similar growth requirements for 

seagrass and epiphytes. 
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There are a number of additional abiotic and biotic conditions not manipulated 

here that can also affect seagrass epiphytes (Bryars 2009; Keuskamp 2004; Lavery 

et al. 2007; Lavery and Vanderklift 2002). In many instances physical abrasion 

among seagrass leaves during periods of greater water movement might control 

epiphyte assemblages (Bryars 2009; Lavery et al. 2007). In accordance with this, 

filamentous algae are often more prevalent in sheltered locations, whilst calcified 

algae are associated with exposed coasts (Kendrick and Burt 1997; Lavery and 

Vanderklift 2002). Similarly, seasonal or global changes in temperature might 

increase algal growth relative to seagrass (Bulthuis and Woelkerling 1983; Eklӧf 

et al. 2012; Short and Neckles 1999). Mesograzers, such as amphipods and 

gastropods, can also play an important, but variable, role in controlling algal 

growth on seagrass. For example, in southern Australia there is evidence 

mesograzers can reduce filamentous epiphyte biomass on Posidonia spp, but 

experiments on A. antarctica have shown limited effects (Cook et al. 2011; 

Keuskamp 2004). Similarly, some macro-invertebrates such as urchins can modify 

seagrass biomass and graze epiphytes, but are generally sparsely distributed in the 

region (Burnell et al. 2013a; Burnell et al. 2013b). Thus, differences in 

hydrodynamics, temperature and grazing assemblages can deliver variable 

conditions that modify epiphyte proliferation, suggesting the degree to which 

epiphytes inhibit seagrass might reflect the temporal and spatial variability of 

these conditions. 
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There also remains limited understanding of how predictions of the potential 

effects of changing global conditions based on artificial laboratory environments 

will translate to actual changes in natural habitats. One recent comparison of 

opportunistic algal growth in reef habitats between in situ (i.e. CO2 vent) and 

laboratory settings found comparable rates of growth between these natural and 

artificial habitats (Connell et al. 2013). While in situ studies at volcanic CO2 vents 

can overcome some confounding effects associated with limited water exchange 

and other abiotic/biotic conditions, such studies must be interpreted cautiously 

due to the legacy of unknown variation in these habitats and sometimes limited 

replication (Calosi et al., 2013, Koch et al., 2013). Importantly, a cautionary 

approach using the combination of multiple techniques will most effectively 

progress our understanding of the ecological and physiological changes associated 

with global change (Russell et al. 2012).  

 

Loss of seagrass meadows places them amongst the most threatened habitats 

worldwide (Orth et al. 2006; Waycott et al. 2009). While elevated CO2 is often 

considered in terms of its direct positive effects on the growth of photosynthetic 

organisms, we consider that this focus overlooks the important role of CO2 as one 

of a number of resources which can combine to have contrasting effects on 

competitors. These contrasting effects, therefore, have the capacity to shift the 

dominance of opportunistic taxa (e.g. epiphytes) under favorable abiotic 

conditions. Consequently, understanding how resources combine to alter biotic 

interactions has an important role in forecasting the persistence or change of 

ecosystems.  
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5.6 SUPPORTING INFORMATION  
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Table 5.S1 ANOVA comparing the effects of CO2 and Light on the biomass of 

calcified epiphytic algae on juvenile seagrass Amphibolis antarctica after 12 

weeks. ACO2 = ambient CO2; MCO2 = moderate CO2; HCO2 = high CO2. 

Significant effects from ANOVA are highlighted in bold 

Source df MS F p 

a) Shed leaves 

Covariate 1 2.01 × 10-4 95.96 0.001 

CO2 2 4.74 × 10-6 2.262 0.11 

Light 1 8.35 × 10-6 3.984 0.062 

CO2 × Light 2 1.03 × 10-6 0.491 0.61 

Residual 29 2.10 × 10-6 

b) Living plants 

Covariate 1 6.17 × 10-3 183.3 0.001 

CO2 2 1.84 × 10-4 5.452 0.006a 

Light 1 1.46 × 10-4 4.335 0.055 

CO2 × Light 2 7.16 × 10-5 2.124 0.16 

Residual 29 3.37 × 10-5   

aCO2 Pairwise for Living Plants ACO2 = MCO2 > HCO2 

 



168 

 

 

 

 

 

Time (24-h)

5 10 15 20

P
A

R
 (

µ m
ol

 m
-2

 s
-1

)

0

100

200

300

400

500

600

 

 

Figure 5.S1 Avergae hourly irradiance (PAR in µmol m-2 s-1) over 24 hours for 

12 weeks at different light treatments. closed circles = low light; open circles = 

high light. Data points represent Mean ± SE (n = 84) 
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Figure 5.S2 Calcified epiphytic algae on a) shed leaves and b) living plants of 

juvenile seagrass grown at different CO2 and light levels for 12 weeks. ACO2 = 

ambient CO2; MCO2 = moderate CO2; HCO2 = high CO2; LL = low light; HL = 

high light. Bars represent Mean ± SE (n = 6) 
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Figure 5.S3 Regression anlysis showing a) total seagrass biomass (above ground 

+ below ground) v. % N in seagras tissue and b) total epiphyte biomass 

(filamentous alage + calcified algae) v. % N in seagrass tissue. Linear regression 

analysis for total seagrass biomass (r2 = 0.280, F1,35 = 13.24, P < 0.001) and total 

epiphyte biomass (r2 = 0.378, F1,35 = 20.70, P < 0.001) 
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Epiphytes and grazing on seagrass  

Above: A sea-urchin consuming seagrass (Posidonia sp.) with few epiphytes. 

Below: An urchin consuming seagrass (Posidonia sp.) covered in calcified and 

filamentous epiphytes. 

Photo credits - Above: Andrew Irving; Below: Owen Burnell 
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PREAMBLE 

Chapter 6 was motivated by the many changing environmental conditions, both 

locally and globally, that might impact grazing upon seagrass. It uses the plant-

herbivore interaction between urchins and seagrass as a model ecosystem to 

examine potential changes to per capita grazing rates. The chapter is a 

reproduction of a co-authored manuscript published in Marine Ecology Progress 

Series, and therefore is written in plural throughout and uses the journal 

formatting. The paper is written for a global audience with an interest in how 

grazing ecology can be modified by anthropogenic change. The manuscript can be 

cited as:   

 

Burnell OW, Russell BD, Irving AD, Connell SD (2013) Eutrophication offsets 

increased sea urchin grazing on seagrass caused by ocean warming and 

acidification. Marine Ecology-Progress Series, 485: 37-46. 
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CHAPTER SIX 

 

EUTROPHICATION OFFSETS INCREASED SEA-URCHIN 

GRAZING ON SEAGRASS CAUSED BY OCEAN WARMING 

AND ACIDIFICATION 

 

6.1 ABSTRACT 

The accumulation of atmospheric [CO2] continues to warm and acidify oceans 

concomitant with local disturbances, such as eutrophication.  These changes can 

modify plant-herbivore grazing interactions by affecting the physiology of grazers 

and by altering the nutritional value of plants. However, such environmental 

changes are often studied in isolation, providing little understanding of their 

combined effects. We tested how ocean warming and acidification affect the per 

capita grazing by the sea-urchin Amblypneustes pallidus on the seagrass 

Amphibolis antarctica, and how such effects may differ between ambient and 

eutrophic nutrient conditions. Consistent with metabolic theory, grazing increased 

with warming, but in contrast to our expectations, acidification also increased 

grazing. While nutrient enrichment reduced grazing, it did not fully 

counterbalance the increase associated with warming and acidification. 

Collectively, these results suggest that ocean warming and acidification may 

combine to strengthen top-down pressure by herbivores. Localised nutrient 

enrichment could ameliorate some of the increased per capita grazing effect 

caused by warming and acidification, provided other common negative effects of 



176 

 

eutrophication on seagrass, including overgrowth by epiphytes and herbivore 

aggregation, are not overwhelming. There is value in assessing how global and 

local environmental change will combine, often in non-intuitive ways, to modify 

biological interactions that shape habitats. 

 

6.2 INTRODUCTION 

The unprecedented magnitude of anthropogenic impacts on natural environments 

continues to challenge our theoretical and applied understanding of ecosystem 

dynamics (Vitousek et al. 1997, Jackson 2001). In recent years, there has been 

considerable interest regarding the effects of ocean warming and acidification 

(i.e. reduced pH) generated by increasing atmospheric [CO2] (Meehl et al. 2007). 

These global-scale changes occur concomitantly with local disturbances, such as 

eutrophication (Gorman et al. 2009, Russell et al. 2009), raising new questions 

regarding the cumulative effects of global and local disturbances on ecological 

processes and species interactions (Hoegh-Guldberg & Bruno 2010, Russell et al. 

2012).  

 

Understanding whether abiotic change can modify the outcome of species 

interactions that subsequently scale-up to the community level is of central 

importance to ecologists, particularly for species that have disproportionately 

large effects on community and habitat structure (Sanford 1999, Harley et al. 

2006, Gooding et al. 2009, Kordas et al. 2011). To date, research has primarily 

focused on how changing abiotic conditions directly affect individual organisms 

(e.g. Orr et al. 2005, Parker et al. 2009, Sheppard-Brennand et al. 2010), with little 
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insight into how changing conditions may indirectly alter whole ecosystems by 

modifying fundamental ecological processes such as grazing (Kordas et al. 2011, 

Russell et al. 2012). 

 

Sea-urchins can play a pivotal role in controlling the abundance of habitat-

forming species via their grazing (Hughes 1994, Eklӧf et al. 2008). Perhaps the 

world’s best known example is the kelp forest-sea urchin-sea otter interaction 

chain in the north-east Pacific Ocean, which has long been held as a classic 

example of top-down control on habitat abundance depending on the local control 

of urchin herbivores by otters (Estes et al. 1998, Steneck et al. 2002). Strong 

effects of urchins certainly extend to other habitats, particularly seagrass meadows 

where overgrazing can damage habitats on both tropical and temperate coasts 

(Rose et al. 1999, Valentine et al. 2000, Eklӧf et al. 2008, Valentine & Edgar 

2010).  

 

Abiotic change can modify plant-herbivore interactions both directly by affecting 

the physiology of grazers and indirectly by altering the nutritional value and 

chemistry of plants (Cruz-Rivera & Hay 2000, Hillebrand et al. 2009, O'Connor 

2009). Warming has a predictable effect on the metabolic rate of ectotherms, 

which subsequently drives proportional increases in consumption (Hillebrand 

et al. 2009, O'Connor 2009). Near physiological limits, this relationship often 

deteriorates as physiological stress reduces consumption or grazing (Sanford 

2002, Lemoine & Burkepile 2012). In contrast, the relative infancy of research 

into ocean acidification means its effects on grazing have rarely been quantified. 

While emerging research suggests acidification will disrupt biological processes 
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such that feeding ability and opportunities may be reduced (e.g. through exo-

skeletal structural damage, increased predator avoidance and damage to feeding 

parts) (Bibby et al. 2007, Wood et al. 2008, Marchant et al. 2010, Stumpp et al. 

2012), acidification can elevate grazing rates (Li & Gao 2012). While urchins can 

decrease consumption in response to large declines in pH (Stumpp et al. 2012), 

little is known regarding responses to more intermediate acidification scenarios. 

Increased grazing could occur because acidification boosts the metabolic rate of 

ectotherms through disruption of growth and physiological regulation, which are 

both energy-dependent processes (Brown et al. 2004, Cummings et al. 2011, 

Catarino et al. 2012). 

 

Eutrophication can modify plant-herbivore interactions, as changes in water 

quality affect the uptake and storage of nutrients by primary producers 

(McGlathery 1995, Valentine & Heck 2001), but can also be impacted by 

temperature and [CO2] (Touchette & Burkholder 2002, Jiang et al. 2010, 

Falkenberg et al. 2013a). However, the effect of the nutritional balance of plants 

on grazing is difficult to forecast because organisms can display both avoidance 

and compensatory responses to changes in perceived food quality (Cruz-Rivera & 

Hay 2000, Hillebrand et al. 2009, Tomas et al. 2011, de los Santos et al. 2012). 

Urchins can reduce per capita grazing when nutrient content in primary food 

sources are enriched, thus providing more rapid satiation (Lares & McClintock 

1991, Valentine & Heck 2001), or when epiphytes and phytoplankton offer a 

nutrient rich alternative food (Tewfik et al. 2005). 
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The short-spined sea-urchin Amblypneustes pallidus has the potential to cause 

overgrazing of the seagrass Amphibolis antarctica to a point where virtually all of 

the above-ground biomass is lost (O. W. Burnell & A. D. Irving pers. obs.). To 

understand how this plant-herbivore interaction may be modified by changing 

environmental conditions, we tested the independent and cumulative effects of 

warming, acidification and nutrient enrichment on the grazing of seagrass by fixed 

densities of sea-urchins. We tested the hypothesis that increased grazing due to 

warming would be counteracted by decreases associated with ocean acidification 

and nutrient enrichment. 

 

6.3 MATERIALS AND METHODS  

Urchins Amblypneustes pallidus and seagrasses Amphibolis antarctica were 

maintained in experimental microcosms to test the effects of warming, 

acidification and nutrient enrichment on grazing. Two temperature levels (15 and 

20 °C), 2 pH levels (current and forecasted) and 2 nutrient levels (ambient and 

enriched) were manipulated in a fully crossed design, making a total of 

8 treatment combinations. 

 

Levels of temperature and pH were selected to identify realistic future grazing 

responses, rather than inducing stress-related responses, which would likely affect 

the survival or physiological ability of urchins to function (i.e. below pH 7.5 or 

outside the thermal tolerance range) (Sanford 2002, Miles et al. 2007). 

Temperature and pH were manipulated to induce grazing effects likely under 

future projection scenario A1B for the year 2100 (i.e. 3°C and 0.2 pH units) 

(Meehl et al. 2007). For many marine invertebrates, a disproportionate increase in 
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consumption is observed per 1°C increase at the higher end of the thermal 

tolerance range (Hanks 1957, Garton & Stickle 1980), particularly for small 

bodied sea-urchins (Siikavuopio et al. 2008). Therefore, a 5°C temperature 

differential from within the natural range of Amblypneustes pallidus (~ 12 to 

25°C) was used to produce changes in consumption likely to be similar in 

magnitude to those that would be observed for a 3°C increase in summer 

maximum temperatures, as this is the period when seagrasses appear most 

susceptible to intense grazing (O. W. Burnell & A. D. Irving pers. obs.). This 

approach ensured that any stress-related reduction in grazing would not confound 

more realistic responses. The enriched concentration of nutrients was chosen to 

mimic peak levels encountered on the Adelaide metropolitan coastline based on 

Gorman et al. (2009). 

 

Urchins were collected from beds of Amphibolis antarctica and Posidonia spp. 

from Lady Bay, South Australia (35.47645° S, 138.27570° E), while juvenile 

A. antarctica recruits were collected at Grange, South Australia (34.90415° S,  

138.47079° E). Experiments were conducted in 22 l microcosms (L × W × H: 387 

× 286 × 197mm), with water constantly recirculating (60 l h-1) from a 180 l 

reservoir attached to each microcosm. Six replicate microcosms for each treatment 

were divided into 2 compartments with 10 seagrass recruits in each compartment 

(mean seagrass weight 9.07 ± 0.03 g microcosm-1). One compartment in each 

microcosm contained 2 urchins (mean urchin weight 15.63 ± 0.28 g). As seagrass 

and any epibiota growing upon leaves were able to continue growing while being 

consumed, it was necessary to account for any autogenic change (i.e. change in 

seagrass weight due to growth or biomass loss) by maintaining seagrass in the 
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absence of urchins. Urchins and seagrass were maintained separately under the 

experimental conditions for 6 d prior to the grazing experiment, which lasted for 5 

d, until > 60 % of biomass was lost in the treatment with the highest grazing loss. 

During the pre-experimental period urchins were fed seagrass form the collection 

site.  

 

To calculate grazing, a modified version of the equation {[H0 × (Cf/C0)] – Hf} 

from Taylor et al. (2002) was used, where H0 is the fresh weight pre-assay, Hf is 

the fresh weight post-assay of seagrass exposed to urchin grazing, C0 is the fresh 

weight pre-assay, Cf is the fresh weight post-assay of seagrass in control 

treatments. One additional variable was used to control for seagrass decline 

throughout the experiment in the grazing treatments. As seagrass was continually 

removed by the urchins, it’s autogenic change in grazing treatments is reduced 

relative to control treatments; therefore, the modified equation {[H0 × (Cf/C0)] –

 Hf} – {( Cf – C0)[1 – (Ha/100)]} was used, where Ha is the average percentage of 

seagrass shoots surviving when exposed to urchin grazing. The percentage of 

surviving shoots was counted daily and averaged over the 5 d period to calculate 

Ha. Grazing was divided by initial urchin fresh weight to remove treatment 

differences as this can act as a co-variate for grazing (Underwood 1997). Seagrass 

and urchin fresh weight were determined by placing samples on absorbent paper 

for 10 s and blotting dry any excess water before weighing. At the conclusion of 

the experimental period, seagrasses in control treatments were frozen, and 

2 individuals from each treatment were later scraped with a razor blade to estimate 

the percentage contribution of any epibiota to seagrass fresh weight. The ingestion 

of epibiota by urchins was then calculated for each experimental replicate using 
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the equation (Ce/Cf) × G, where Ce is the control fresh weight of the epibiota post-

assay, Cf is the control seagrass fresh weight post-assay, and G is the grazing. 

 

6.3.1 Temperature, pH and nutrient manipulation 

Temperatures were maintained by recirculating water through heater/chiller units 

(TECO), while pH was controlled using probes and automatic solenoid controllers 

(Sera). This can be achieved because increasing CO2 is known to decrease pH in a 

predictable manner. The system added CO2 to the tanks, when required, to 

maintain the experimental pH level. The temperature, pH, total alkalinity and 

salinity were measured daily so carbon chemistry components could be calculated 

(Table 6.1). Seawater carbon parameters were calculated using dissociation 

constants K1and K2 from Roy et al. (1993) using the program CO2Calc v. 

1.0.30315. 

 

Elemental ratios were quantified in seagrass tissue to determine changes in their 

nutritional value. Two seagrass individuals from each microcosm were dried for 

48 h at 60°C, acid washed in 5 % HCl and scraped with a razor blade to remove 

epibiota, then re-dried for 48 h at 60°C. Seagrass tissue was then ground with a 

mortar and pestle and analysed for carbon and nitrogen (% N and % C) on an 

isotope ratio mass spectrometer (Hydra 2020 ANCA-GSL Version 4.0, Sercon). 

 

Nutrient enrichment was controlled by supplying 1 g of Osmocote Plus® (Scotts) 

controlled release fertiliser per 15 l seawater (N:P:K = 17:4.3:8.2). Fertiliser 

pellets were placed in nylon mesh bags (1 mm mesh size) and submerged in the 

experimental reservoirs. Water samples were taken on 3 separate occasions 
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throughout the experimental period on Days 1, 3 and 5. Water was sampled using 

sterile 25 ml syringes, filtered through 0.45 µm and frozen. Analysis was later 

done using a Lachat Quickchem 8200 Flow Injection Analyser (Hach) for nitrate 

and nitrite (NOx), ammonia (NH4) and phosphate (PO4). 

 

Light was provided in a 12 h light:12 h dark cycle by pairs of fluorescent lights at 

an average irradiance of 62.71 ± 1.51 µmol m-2 s-1.  

 

6.3.2 Statistical analyses 

Statistical analysis of grazing was performed using seagrass tissue chemistry 

(i.e. C:N ratio) and epibiota percentage as potential covariates in a fully 

orthogonal ANCOVA design, using the program PERMANOVA+ for Primer. To 

further investigate any indirect contribution of food source nutritional value to 

seagrass grazing loss, the C:N ratio and epibiota percentage from treatment means 

were used as predictor variables in a distance based linear model (DISTLM) using 

the program PERMANOVA+ for Primer. Tissue chemistry, epibiota percentage, 

epibiota ingestion and seagrass autogenic change were also analysed separately 

using ANOVA with 2 fixed levels of temperature, pH and nutrients, in a fully 

orthogonal design. Average values from individual microcosms were treated as 

replicate samples. Pairwise comparisons were used when significant interaction 

terms were detected. The water chemistry was analysed using ANOVA with 

2 fixed levels of temperature, pH and nutrients, in a fully orthogonal design. 

Average daily values from 3 sampling dates were used as replicate samples.  
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6.4 RESULTS  

Both warming and acidification increased grazing, with the greatest change 

observed when they were elevated concurrently (Fig. 6.1, Table 6.2). A partially 

additive effect was found in which warming and acidification increased grazing to 

a greater extent than when either was elevated in isolation. This was considered a 

partially additive effect because the combined effect was smaller than the 

combination of the 2 independent effects added together, but larger than either of 

them independently (Fig. 6.2). For a detailed summary of partially additive and 

additive effects, see Brook et al. (2008). Nutrient enrichment offset the effect of 

warming and acidification by reducing grazing, though it did not fully counter the 

increase caused by warming and acidification (Fig. 6.1, Table 6.2). No pair-wise 

tests are reported for grazing as the ANCOVA only detected main effects. The 

contribution of seagrass autogenic change to grazing was small (between 2 and 

7 %). However, a significant interaction was detected, whereby the elevation of 

both temperature and acidification reduced autogenic change, an effect that was 

not evident when either was elevated in isolation. Nutrient enrichment had no 

effect on autogenic change (Fig. 6.1, Tables 6.3 & 6.4). 

 

Nutrient enrichment decreased the C:N ratio of seagrass, whilst warming and 

ocean acidification had no overall effect on the C:N ratio (Tables 6.3 & 6.4). 

Nutrient enrichment also increased the epibiota percentage of seagrass fresh 

weight, whilst temperature and ocean acidification had no overall effect on the 

epibiota percentage (Tables 6.3 & 6.4). The epibiota percentage was higher when 

nutrients were enriched, but when this was multiplied by grazing, the total 

ingestion of epibiota by urchins was not different between the experimental 
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treatments (Fig. 6.1, Tables 6.3 & 6.4). Seagrass tissue chemistry (i.e. C:N ratio) 

and epibiota percentage were non-significant covariates of grazing (Table 6.2). 

However, when treatment means were used in a distance-based linear model, 

epibiota percentage was a significant predictor of grazing (p = 0.049, R2 = 0.512), 

whereas tissue chemistry had no effect (p = 0.374, R2 = 0.147). 
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Table 6.1 Carbonate chemistry in microcosms at different nutrient (ambient vs. enriched), pH (current vs. forecasted) and temperature (15 vs. 

20°C) levels (mean ± SE). CpH: current pH treatment; FpH: forecasted pH treatment; AN: ambient nutrients; EN: enriched nutrients. Seawater 

carbon parameters were calculated using dissociation constants K1and K2 from Roy et al. (1993) using the program CO2Calc v. 1.0.30315. 

TA: total alkalinity; CO3: carbonate; HCO3: bicarbonate; pCO2: CO2 partial pressure; TCO2: total carbon dioxide. 

Treatment pH TA       
(µmol kg-1) 

Salinity 
(ppt) 

Temp (°C) CO2       
(µmol kg-1) 

CO3       
(µmol kg-1) 

HCO3   
(µmol kg-1) 

pCO2 
(µatm) 

TCO2   

(µmol kg-1) 

15°C, CpH, AN 
8.115  

± 0.003 

2682.64  

± 26.64 

38.92  

± 0.17 

15.06  

± 0.01 

14.125  

± 0.177 

236.83  

± 3.13 

2109.61  

± 20.66 

387.57  

± 5.20 

2360.57  

± 23.50 

15°C, CpH, EN 
8.106  

± 0.001 

2686.00  

± 6.93 

39.25  

± 0.14 

15.10  

± 0.02 

14.429  

± 0.059 

234.72  

± 0.34 

2117.58  

± 6.61 

397.08  

± 1.66 

2366.73  

± 6.97 

15°C, FpH, AN 
7.933  

± 0.001 

2698.67  

± 25.30 

38.58  

± 0.17 

15.03  

± 0.02 

23.381  

± 0.328 

168.17  

± 1.11 

2292.97  

± 23.43 

639.71  

± 8.94  

2484.52  

± 24.82 

15°C, FpH, EN 
7.925  

± 0.001 

2682.33  

± 20.33 

39.00  

± 0.01 

15.02  

± 0.02 

23.662  

± 0.171 

165.46  

± 1.35 

2282.18 

± 17.61 

648.63  

± 4.57 

2471.30  

± 19.13 

20°C, CpH, AN 
8.109  

± 0.001 

2686.33  

± 25.22 

39.50  

± 0.14 

19.85 

± 0.01 

12.312  

± 0.126 

275.10  

± 2.79 

2023.27  

± 19.41 

389.03  

± 4.11 

2310.68  

± 22.30 

20°C, CpH, EN 
8.115  

± 0.001 

2706.67 

± 10.90 

39.25  

± 0.01 

19.88  

± 0.01 

12.204  

± 0.061 

279.71  

± 1.10 

2033.97  

± 8.79 

385.38  

± 1.91 

2325.88  

± 9.92 

20°C, FpH, AN 
7.926  

± 0.001 

2699.00  

± 12.00 

39.33  

± 0.08 

19.88  

± 0.01 

20.604  

± 0.103 

198.12  

± 0.86 

2223.01  

± 10.58 

650.91 

± 3.21 

2441.73 

± 11.47 

20°C, FpH, EN 
7.921  

± 0.001 

2686.67  

± 12.33 

39.25  

± 0.14 

19.94  

± 0.02 

20.781  

± 0.112 

195.40  

± 1.04 

2217.04  

± 10.07 

657.38 

± 3.83 

2433.21  

± 11.19 
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Figure 6.1 Effect of nutrients (ambient vs. enriched), pH (current vs. forecasted) 

and temperature (15 vs. 20°C) on the grazing of seagrass, epibiota ingestion by 

urchins and autogenic change of seagrass. Bars indicate the mean ± SE for 

grazing, epibiota ingestion and autogenic change in seagrass fresh weight. 

CpH: current pH treatment; FpH: forecasted pH treatment; AN: ambient nutrients; 

EN: enriched nutrients. 
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Table 6.2 ANCOVA comparing the effect of nutrients (ambient vs. enriched), pH 

(current vs. forecasted) and temperature (15 vs. 20°C) on the grazing of seagrass 

(Amphibolis antarctica) in the presence of fixed densities of a sea-urchin 

(Amblypneustes pallidus). The C:N ratio and epibiota percentage of seagrass were 

included in the analysis as covariates (CV) of grazing. Significant values in bold. 

Source df     MS  F     p 

Grazing     

    CV 2 0.004 1.39 0.244 

    Temperature 1 0.046 15.46 0.001 

    pH 1 0.014 4.66 0.038 

    Nutrients 1 0.036 11.29 0.001 

    Temperature × pH 1 0.004 1.16 0.255 

    Temperature × Nutrients 1 0.001 0.27 0.606 

    pH × Nutrients 1 0.002 0.80 0.351 

    Temperature × pH × Nutrients 1 0.003 1.06 0.318 

    Residual 38 0.003                  
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Figure 6.2 Additive effect of pH (current vs. forecasted) and temperature (15 vs. 

20°C) on the grazing of seagrass by urchins at ambient nutrients, enriched 

nutrients and pooled nutrients.
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NOx (nitrate + nitrite) concentrations were greater (by ~7.4-fold) in enriched 

(0.094 ± 0.007 mg l-1) than ambient (0.013 ± 0.000 mg l-1) treatments 

(F1,16 = 6.78, p = 0.027). Neither temperature nor ocean acidification had 

detectable effects on NOx concentration (F1,16 = 0.80, p = 0.417 and F1,16 = 1.27, 

p = 0.889 respectively). NH4 concentrations were greater (by ~2.3-fold) in 

enriched (0.087 ± 0.015 mg l-1) than ambient (0.038 ± 0.002 mg l-1) treatments 

(F1,16 = 10.64, p = 0.003). Neither temperature nor ocean acidification had 

detectable effects on NH4 concentration (F1,16 = 4.07, p = 0.059 and F1,16 = 2.74, 

p = 0.850, respectively). PO4 concentrations were greater (by ~1.9-fold) in 

enriched (0.054 ± 0.003 mg l-1) than ambient (0.029 ± 0.004 mg l-1) treatments 

(F1,16 = 66.41, p = 0.001). A significant interaction was detected between 

temperature and nutrients on PO4 (F1,16 = 10.99, p = 0.003), where in ambient 

nutrients, low temperature > high temperature, whereas in enriched nutrients, low 

temperature = high temperature. CO2 had no effect (F1,16 = 2.66, p = 0.131). 

Ocean acidification had no detectable effect on PO4 concentration. 
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Table 6.3 Mean ± SE of C:N ratio, epibiota biomass, epibiota ingestion and 

autogenic change  of seagrass Amphibolis antarctica in the presence of fixed 

densities of a sea-urchin Amblypneustes pallidus exposed to nutrients (ambient vs 

enriched), pH (current vs forecasted) and temperature (15 vs 20°C). CpH: current 

pH treatment; FpH: forecasted pH treatment; AN: ambient nutrients; EN: enriched 

nutrients. 

Treatment C:N Epibiota 

biomass (%) 

Epibiota 

ingestion (mg  

g-1 urchin) 

Autogenic 

change (mg     

g-1 urchin) 

15°C, CpH, AN 16.35 ± 1.18  2.53 ± 0.35 3.84 ± 0.78 5.54 ± 2.47 

15°C, CpH, EN 14.73 ± 0.21 6.63 ± 1.87 5.01 ± 1.59 5.21 ± 1.06 

15°C, FpH, AN 15.65 ± 0.51 4.71 ± 1.19 7.89 ± 2.03 11.3 ± 0.91 

15°C, FpH, EN 14.03 ± 0.37 4.17 ± 1.20 5.35 ± 1.75 4.02 ± 3.64 

20°C, CpH, AN 15.71 ± 0.15 3.37 ± 1.08 6.72 ± 2.49 4.59 ± 4.06 

20°C, CpH, EN 14.30 ± 0.40 5.40 ± 1.10 9.07 ± 2.63 5.82 ± 1.64 

20°C, FpH, AN 15.30 ± 1.02 2.58 ± 0.62 5.29 ± 1.39 -9.29 ± 4.93 

20°C, FpH, EN 14.67 ± 0.45 4.69 ± 0.80 7.86 ± 1.48 -3.38 ± 3.75 
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Table 6.4 P-values from ANOVAs comparing the effect of nutrients (ambient vs. 

enriched), pH (current vs. forecasted) and temperature (15 vs. 20°C) on C:N ratio, 

epibiota biomass, autogenic change of seagrass Amphibolis antarctica and 

epibiota ingestion by urchins Amblypneustes pallidus. Autogenic change 

interaction term: Temperature × pH; at 15°C current pH = forecasted pH; at 20°C, 

current pH > forecasted pH; at current pH, 15°C = 20°C; at forecasted pH 15°C > 

20°C. 

Source C:N Epibiota 

biomass   

(%) 

Epibiota 

ingestion (mg   

g-1 urchin) 

Autogenic 

change (mg    

g-1 urchin) 

Temperature 0.663 0.527 0.199 0.003 

pH 0.419 0.579 0.738 0.044 

Nutrients 0.005 0.019 0.502 0.955 

Temperature × pH 0.450 0.702 0.188 0.003 

Temperature × Nutrients 0.515 0.854 0.237 0.104 

pH × Nutrients 0.677 0.155 0.510 0.797 

Temperature × pH × Nutrients 0.651 0.142 0.459 0.197 
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6.5 DISCUSSION 

Predicting the indirect effects of environmental change on habitat forming-plants 

requires knowledge of how their interactions with other species may be modified 

(Ives 1995).  The complexity inherent in such tests means that indirect effects 

often remain unresolved relative to more conspicuous direct effects (Kordas et al. 

2011). Altered species interactions can, however, have profound ecological 

impacts by disturbing trophic relationships within natural ecosystems (Benoît & 

Swain 2008, Barton et al. 2009, Connell et al. 2011). We identify the potential 

combination of ocean warming and acidification may combine to indirectly 

increase seagrass loss due to increased grazing by urchins.  

 

Warming commonly increases herbivore grazing due to increases in metabolic 

demand (Hillebrand et al. 2009, O'Connor 2009). We hypothesised that the strong 

positive effect of warming could be ameliorated by potentially negative effects 

associated with acidification (Orr et al. 2005, Miles et al. 2007, Byrne et al. 2011, 

Cummings et al. 2011), which may indirectly reduce feeding ability or 

opportunities (Bibby et al. 2007, Wood et al. 2008, Marchant et al. 2010, Stumpp 

et al. 2012). Contrary to this hypothesis, however, we detected a positive effect of 

acidification on urchin grazing. Ocean acidification has been found to increase 

metabolic rate and in some instances grazing activity, as organisms partition more 

energetic resources to maintenance and repair of physiological processes (Wood 

et al. 2008, Cummings et al. 2011, Catarino et al. 2012, Li & Gao 2012).  

 

Herbivores typically adjust their consumption relative to the nutritional content of 

their food source, which can be modified by environmental conditions (Ritchie 
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et al. 1998, Russell & Connell 2007, Bressendorff & Toft 2011, Tomas et al. 

2011). Although not ubiquitous to all macro-invertebrate groups (Hillebrand et al. 

2009), we identified reduced urchin grazing when nutrients were enriched 

(e.g. Lares & McClintock 1991, Valentine & Heck 2001), supporting the 

hypothesis that nutrient enrichment could counteract increases in grazing 

associated with warming. Any nutrient-driven reduction in grazing pressure, 

however, should be interpreted cautiously given the widely documented 

detrimental effects of nutrient enrichment on seagrass, such as overgrowth by 

epiphytic algae and grazer aggregation (Silberstein et al. 1986, Ruíz et al. 2001, 

Orth et al. 2006, Ralph et al. 2006). 

 

Changes in the seagrass C:N ratio were small, perhaps because the seagrass was 

originally sourced from a meadow intermittently exposed to high nutrient 

concentrations on the Adelaide metropolitan coastline, or due to the short duration 

of the experiment. Similarly, the effects of warming and acidification, both of 

which can modify C:N ratios (Touchette & Burkholder 2002, Jiang et al. 2010), 

had no detectable effect on the seagrass chemistry. As such, it appears that the 

disproportionate growth of epibiota we recorded, a common response to nutrient 

enrichment, may have offered a significant food resource to urchins in the 

enriched nutrient treatments (Tewfik et al. 2005, Bode et al. 2006, Ruíz et al. 

2009). Although the epibiota biomass within each individual microcosm was not a 

significant covariate of grazing, the relationship between treatment means in the 

linear model suggests that epibiota could have contributed to nutrient driven 

declines in grazing. Additional declines in grazing associated with nutrient 

enrichment could potentially be explained by changes in nitrogen fixation through 
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microbial activity, which can be a source of nutrients for sea-urchins (Guerinot & 

Patriquin 1981). While urchins appear to be able to implement fixation dependent 

on nutritional requirements, changes in epiphytic microflora or bacteria living on 

seagrass blades and ambient water quality often help aid or initiate fixation 

(Patriquin & Keddy 1978, Guerinot & Patriquin 1981). Alternatively to the model 

that urchins reduced grazing due to satiation, changes in epibiota or host plant 

secondary metabolites resulting from nutrient enrichment could have acted as 

deterrents to inhibit grazing (Wahl & Hay 1995, Weidner et al. 2004). However, 

this appears unlikely for the seagrass itself, given that Amphibolis antarctica have 

been found to reduce secondary phenolic compounds when nutrients are enriched 

(O. W. Burnell et al., Chapter 3). 

 

The per capita grazing we recorded does not incorporate potential population-

level responses, such as consumer densities, resulting from changes in fecundity, 

recruitment and survival, which may occur independently under altered 

environments. Research in pelagic food webs suggests that warming will shift the 

balance of ecosystems in favour of high consumer (i.e. heterotrophs) abundance 

relative to producers (i.e. autotrophs), as consumption is limited primarily by 

temperature, whilst production has numerous other potentially limiting factors 

(e.g. light, [CO2], temperature and nutrients) (Bulthuis 1987, Müren et al. 2005, 

O'Connor et al. 2009). A shift in favour of net heterotrophy would result in 

systems where over consumption is more prevalent, further compounding the per 

capita effects we identified. This may be of particular concern in habitats where 

urchin grazing is already prolific due to over-exploitation of herbivore predators 

(e.g. fish and crustaceans). In such systems, there is a reduced likelihood that 
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increasing urchin grazing will be counteracted by similar metabolically driven 

increases in predation at higher trophic levels, as predator populations may 

already be below critical levels to achieve active control (Kordas et al. 2011). 

Nonetheless, microcosm experiments do overlook per capita compensatory 

effects from higher trophic organisms. For example, if temperature or CO2 caused 

similar changes to predation upon urchins trophic balance may be maintained to 

some degree. Laboratory manipulations have identified that warming and ocean 

acidification will also be important in controlling future population densities of 

urchins via growth and calcification (Sheppard-Brennand et al. 2010, Byrne et al. 

2011). Similarly, nutrient enrichment and food quality contribute to urchin 

population dynamics, often promoting greater densities of urchins through 

changes in resource availability and reproduction (Tewfik et al. 2005, Lester et al. 

2007, Ruíz et al. 2009). We suggest that ecological models integrating both per 

capita responses and population ecology are needed to accurately forecast 

changing grazing pressure.  

 

Changes to seagrass productivity in response to multiple disturbances will also be 

key to predicting their future abundance and distribution (Orth et al. 2006, 

Palacios & Zimmerman 2007, Eklӧf et al. 2012). Although seagrass growth was 

not the focus of our study, the negative interactive effect of warming and 

acidification on autogenic change was unexpected, and the mechanism behind this 

decline remains uncertain. Longer-term studies will be essential in providing more 

accurate predictions for changes in seagrass growth and chemistry. While 

acidification is likely to benefit seagrasses by reducing carbon limitation (Beer & 

Koch 1996), this effect can be negated by other stressors, such as continuing 
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deterioration of water quality, light conditions (Palacios & Zimmerman 2007) and 

warming (Eklӧf et al. 2012).  

 

The present study is one of the first to detect the positive effects of ocean 

acidification on grazing by an ecologically important macro-invertebrate grazer. 

However, we suggest that a threshold is likely to exist beyond which further 

decreases in pH would eventually inhibit the ability of urchins to feed (Appelhans 

et al. 2012, Stumpp et al. 2012), as is common for the metabolic responses to 

increasing temperature (Sanford 2002). Further research to establish realistic 

threshold levels of acidification will be important to better forecast organism 

responses to global change. Similarly, potential thresholds and compensatory 

responses associated with exposure time to acidification could exist, and highlight 

the need for studies incorporating longer acclimation times and opportunities for 

multi-generational acclimation (Sunday et al. 2011, Dupont et al. 2012).  

 

The indirect effects from abiotic change can produce strong or unexpected 

outcomes that result in some of the largest effects known in ecology (Connell 

et al. 2011). We present some of the first indications that ocean warming and 

acidification could combine to intensify grazing pressure, which can strengthen 

top-down effects on habitat-forming plants, to unprecedented levels (Ling et al. 

2009). Such change in global conditions will occur concomitantly with other 

alterations to the physical and biological environment, such as nutrient enrichment 

and over-fishing, potentially further modifying grazer abundance and their rates of 

consumption.  
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CHAPTER SEVEN 

 

GENERAL DISCUSSION  

  

Understanding how anthropogenic changes to environmental conditions modify 

habitats is a central theme of ecology (Guo et al., 2013, Vitousek et al., 1997). 

Worldwide, humans continue to create locally driven change in marine systems, in 

combination with forecasted global changes at an unprecedented rate (Halpern et 

al., 2008, Orth et al., 2006, Zachos et al., 2005). These established and impending 

changes have generated great interest in predicting how ecosystems will be 

modified by different abiotic conditions, which indirectly result in changing biotic 

interactions (Bazzaz, 1990, Guo et al., 2013, Short &  Neckles, 1999). Throughout 

this thesis my primary focus has been to determine how the effects of 

anthropogenic change modify biotic interactions that are critical to the 

maintenance or loss of seagrass habitats. This theme of changing biotic 

interactions was central to all data chapters, except Chapter 4 which had an 

independent focus on seagrass physiology and growth. I considered changing 

biotic interactions primarily from two contrasting perspectives, top-down grazer 

effects and bottom-up resource effects, both of which have generated great 

interest among ecologists. While seagrass ecosystems were long believed to be 

driven by strong bottom-up or producer effects, top-down grazer effects continue 

to gain greater recognition for their biotic control of habitats (Valentine &  Duffy, 

2006, Valentine &  Heck, 1999). The inherent complexity associated with testing 
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biotic interactions in natural ecosystems often means there is a paucity of 

ecological data, particularly in relation to recently forecasted global-scale 

changes. In my thesis I addressed this important research area by examining how 

different globally driven processes might combine with local conditions to modify 

the biotic interactions that shape seagrass habitats. 

 

This thesis began by examining seagrass-epiphyte-urchin interactions that are 

driven by changes in grazer abundance and nutrient enrichment. I found two 

seagrass species from the primary habitat-forming genera in temperate southern 

Australia have differing vulnerabilities to top-down urchin grazing, which might 

be based upon morphological differences, such that loss of the exposed meristem 

of Amphibolis antarctica appears to inhibit its post-grazing recovery (Chapter 2). 

Following this, I incorporated a second local driver of change (i.e. bottom-up 

nutrient enrichment) to examine grazing interactions. I subsequently found that 

the independent negative effects of urchins and nutrients do not combine in an 

additive manner, but instead act antagonistically, whereby per capita grazing on 

seagrass was reduced as urchins appear to acquire greater nutrition from 

increasing seagrass nitrogen content (Chapter 3). Following this, the thesis shifted 

to the importance of global-scale changes for seagrass. From an abiotic 

perspective, I presented findings on the direct benefits of forecasted CO2 

enrichment for the seagrass A. antarctica, stemming from its current affinity for 

energetically costly bicarbonate (HCO−
3
) for photosynthesis and its potential 

contemporary carbon limitation (Chapter 4). In the last two data chapters I 

highlight how changing biotic interactions could shape future seagrass habitats. In 

Chapter 5 I found biotic interactions with epiphytes could inhibit the predicted 



200 

 

positive response of seagrasses to CO2 enrichment, based upon the strong 

competitive ability of filamentous epiphytes under high light and enriched CO2 

(Chapter 5). In the final data chapter I found warming and enriched CO2 might 

increase seagrass loss, as changing environmental conditions modify the grazing 

activity of consumers (Chapter 6). This final chapter concludes with a discussion 

of the key findings in a local and global context.  

 

7.1 CHANGING BIOTIC INTERACTIONS OF LOCAL ORIGIN  

The effects of top-down and bottom-up control in shaping natural ecosystems are 

of great global interest, particularly in marine environments due to the widespread 

spatial replication of local-scale changes along urbanised coastlines 

(e.g. overfishing and nutrient enrichment). While the paradigm of bottom-up 

influences has historically described seagrass ecosystems, evidence continues to 

emerge regarding top-down effects of herbivores that can drive localised seagrass 

loss and change ecosystem dynamics (Eklӧf et al., 2008, Rose et al., 1999, Ruíz 

et al., 2009). I identified the seagrass species A. antarctica is particularly 

vulnerable to declines mediated by urchin grazing, primarily associated with its 

slower recovery when compared to P. sinuosa. Slower recovery rates appeared 

contingent upon grazing loss of the elevated meristem in A. antarctica meadows. 

Although, in some locations around temperate southern Australia Posidonia spp. 

also appear susceptible to overgrazing loss from different urchin species 

(see Cambridge et al., 1986, Cambridge &  Hocking, 1997, Kendrick et al., 2002, 

Langdon et al., 2011, Larkum &  West, 1990). Importantly, the urchin I studied 

resides elevated in the canopy, thus did not damage the protected basal meristems 

of Posidonia when compared with Amphibolis (Fig. 1.2 & 1.3). Analogous 
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conclusions have been drawn regarding the detrimental effects of meristem 

damage for other seagrasses (Alcoverro &  Mariani, 2002, Eklӧf et al., 2009, Rose 

et al., 1999), in particular for the species Thalassodendron ciliatum where 

morphology appears to mediate its vulnerability to grazing induced meristem loss, 

and may even control the distribution of this species in relation to Marine 

Protected Areas and their ensuing maintenance of top-down control on urchins 

(i.e. protection of fish predators) (Alcoverro &  Mariani, 2002, Alcoverro &  

Mariani, 2004, McClanahan et al., 1994). The similarities between these two cases 

are many; principally, the two seagrass genera in question (i.e. Thalassodendron 

and Amphibolis) are both from the family Cymodoceaceae and share a common 

morphology and growth pattern (Green &  Short, 2003, Short &  Duarte, 2001),  

thus suggesting species-specific and evolutionary traits can interact with grazing 

to mediate vulnerability to top-down control. 

 

In southern Australia top-down control on marine primary producers has often 

been found to be of limited consequence in sub-tidal habitats, namely algal-forests 

and seagrass meadows (Bulleri et al., 2012, Edgar &  Shaw, 1995, Fowler-Walker 

& Connell, 2002). Indeed, the overgrazing I encountered from the urchin 

Amblypneustes pallidus on seagrass appears a new phenomenon, as to my 

knowledge there are no previous accounts, either anecdotal or in published 

scientific literature, concerning significant grazing by this species. While I do not 

suggest this urchin currently has a widespread effect on the distribution of 

different seagrass species in this region, ultimately the return or recruitment 

interval of urchin populations in comparison with seagrass recovery will 

determine the persistence of overgrazing effects (Alcoverro &  Mariani, 2002). 
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The changing nature of urchin abundance I found in meadows suggests 

populations boom and bust. Therefore, unlike rocky reefs where following 

overgrazing urchins might persist and maintain habitats in an altered barren state, 

by feeding on new recruits, opportunistic algae and coralline algae (Bonaviri 

et al., 2011, Leinaas &  Christie, 1996), seagrass overgrazing by A. pallidus 

decimated all food and habitat resources, thus great mortality or migration of 

urchins ensued. I observed no seagrass recovery and no urchins in overgrazed 

areas for almost three years. As such, when overgrazing of all photosynthetic 

tissue occurs recovery appears slow and dependent on new recruitment or rhizome 

expansion from adjacent meadows. While remaining dead shoots (Fig. 1.3) might 

provide a substrate that aids long-term recruitment and sediment stability, many 

temperate seagrasses are renowned for their typically slow recovery that can take 

decades to centuries, if ever (Bryars &  Neverauskas, 2004, Irving, 2013, Kirkman 

&  Kuo, 1990).  

 

Given the legacy of nutrient enrichment in creating marine habitat loss worldwide 

and emerging local urchin effects, in Chapter 3 I investigated how these processes 

(i.e. top-down vs. bottom-up) might interact to shape the maintenance or loss of 

seagrass. Bottom-up effects (i.e. nutrient enrichment) are renowned for their 

ability to drive widespread loss in seagrass habitats, commonly from epiphyte 

overgrowth (Bryars et al., 2011, Walker &  McComb, 1992), but changes in 

nutrient resources can also concomitantly modify food quality and quantity for 

consumers, and therefore, interact with grazing on seagrass (Anton et al., 2011, 

McGlathery, 1995). In seagrass systems the combination of nutrient enrichment 

and urchin grazing often appears to culminate in overgrazing (Eklӧf et al., 2008, 
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Ruíz et al., 2009), but somewhat counter-intuitively to this observation previous 

lab-based studies have found nutrient enrichment might moderate per capita 

grazing (Lares &  McClintock, 1991, Valentine &  Heck, 2001). In natural 

meadows I also found nutrient enrichment and associated changes in seagrass 

biochemistry and epiphyte cover moderated per capita grazing effects on seagrass 

(Chapter 3), a finding which was replicated again in laboratory manipulations 

during Chapter 6. Although top-down effects of urchins on seagrass blades 

remained strong, as their diet did not switch exclusively to epiphytes, this 

reduction in per capita grazing supports the notion that significant grazing effects 

observed worldwide in eutrophic meadows are more likely associated with 

expanding urchin populations rather than per capita grazing effects (Eklӧf et al., 

2008, Ruíz et al., 2009). 

 

7.2 CHANGING ABIOTIC CONDITIONS OF GLOBAL ORIGIN  

Despite the substantive concern regarding the deleterious effects of global change 

on many organisms (Orr et al., 2005, Thomas et al., 2004, Thuiller et al., 2005), 

increasing CO2 is anticipated to deliver direct benefits to primary producers in 

many terrestrial and aquatic habitats (Curtis &  Wang, 1998, Koch et al., 2013, 

Wand et al., 1999). While directly evolved from terrestrial plants ~90 million 

years ago, aquatic angiosperms like seagrasses may derive greater benefits from 

global change than their terrestrial relatives due to the extremely slow diffusion of 

CO2 in water compared to air, which has resulted in potential carbon limitation 

and/or the evolution of energetically intensive HCO−
3
 acquisition mechanisms. 

These potential benefits of CO2 were evident as all the seagrass species I tested 
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were reliant to some degree on energetically costly HCO−
3
 acquisition 

(Chapter 4), which translated to a beneficial growth response and greater 

photosynthetic efficiency in A. antarctica under forecasted CO2. In accordance 

with previous findings for both terrestrial and aquatic plants this effect that was 

greater on below ground resources than above ground photosynthetic tissue 

(Bader et al., 2013, Campbell &  Fourqurean, 2013a, Russell et al., 2013). 

Nonetheless, global uncertainty still surrounds the extent to which forecasted CO2 

will deliver long lasting benefits to many primary producers (Bader et al., 2013, 

DeLucia et al., 1999), particularly as a number of other abiotic limitations and 

biotic interactions can emerge to modify these responses (Alexandre et al., 2012, 

Eklӧf et al., 2012, Palacios &  Zimmerman, 2007, Chapters 5 & 6).  

 

It was interesting to find HCO−
3
 use was much greater in the two Amphibolis spp. 

compared to P. sinuosa. While carbon acquisition strategies seem to vary greatly 

between species and genera, there are environmental factors that might drive these 

differences (Koch et al., 2013, Uku et al., 2005). Depth and meadow density 

might be key variables in controlling carbon dynamics in seagrass meadows, as 

dense meadows with a high level of productivity can create localised depletion of 

inorganic carbon (Ci), in particular dissolved CO2 (Buapet et al., 2013, Duarte 

et al., 2013, Koch et al., 2013, Semesi et al., 2009). Similarly, lower flow through 

meadows also significantly increases boundary layer effects at the leaf-scale 

(Fonseca &  Kenworthy, 1987, Koch, 1994), thus a greater ability to acquire CO2 

from HCO−
3
 might be beneficial for seagrass exposed to conditions with limited 

water exchange and a high ratio of productivity (i.e. photosynthesis) to water. 
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While both Amphibolis spp. and Posidonia spp. can form dense meadows 

(Shepherd &  Sprigg, 1976), there is evidence that the canopy of Amphibolis 

might have a greater effect in slowing water movement than Posidonia 

(van Keulen &  Borowitzka, 2002), therefore, it could be surmised that this might 

reduce the CO2 replenishment rate and therefore increase dependence on 

alternative Ci forms. However, Amphibolis spp. also naturally inhabit areas of 

greater wave exposure than Posidonia spp., which would promote greater water 

exchange. Other factors, such as the greater photosynthetic rate of 

Amphibolis spp. compared with Posidonia spp. (Masini &  Manning, 1997, 

Chapter 4) might also expose plants to greater relative depletion of CO2, which 

could promote the evolution of HCO−
3
 acquisition mechanisms. Similar 

differences might also exist within genera. For example, I found lower HCO−
3  

reliance for P. sinuosa than has been reported for Posidonia australis (James &  

Larkum, 1996), the latter of which commonly occurs higher in the intertidal zone 

and thus might be exposed to greater CO2 depletion. While I have suggested some 

potential drivers of HCO−
3  reliance, the understanding of how dissolved CO2 

varies in natural seagrass meadows is poorly defined, and would be dependent on 

the many unique environmental conditions that vary intra- and inter-specifically.  

 

7.3 CHANGING BIOTIC INTERACTIONS OF GLOBAL ORIGIN  

The greater photosynthesis and growth that can be exhibited by seagrass under 

elevated CO2 conditions (Jiang et al., 2010, Palacios &  Zimmerman, 2007, 

Chapter 4), was tempered at higher irradiances, where I found damaging growth 

of epiphytic algae increased (Chapter 5). Numerous studies report variable 
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responses of seagrass to CO2 enrichment (see Alexandre et al., 2012, Campbell &  

Fourqurean, 2013a, Jiang et al., 2010, Palacios &  Zimmerman, 2007), but there 

are few published accounts regarding non-calcified algal epiphytes, which might 

reflect the ephemeral nature of their growth. In one previous study forecasted CO2 

increased the dominance of seagrass over free-living and epiphytic algae, but this 

effect was ameliorated under warming scenarios where algal growth was favoured 

(Eklӧf et al., 2012). In southern Australia epiphyte overgrowth is believed to have 

played a great role in historical seagrass loss, often associated with eutrophication 

(Bryars et al., 2011, Walker &  McComb, 1992). Similarly to eutrophication and 

temperature, I found shallow well-illuminated conditions might also create 

seagrass loss by promoting disproportionate epiphyte growth under forecasted 

CO2. Indeed other accounts of seagrass loss in southern Australia display the 

potential for epiphyte induced damage in shallow well-illuminated locations 

(Bryars et al., 2011, Bulthuis &  Woelkerling, 1983).While shading is often 

implicated as the mechanism behind epiphyte driven seagrass loss, given such 

effects occurred in high light treatments it would seem possible other mechanisms 

besides shading also contributed to seagrass decline, such as algal competition for 

nutrients or Ci.  

 

There is limited understanding of how CO2 driven changes from artificial 

laboratory environments will translate to real-world CO2 increases over scales of 

10s to 100s of years. Volcanic CO2 vents that naturally decrease pH on highly 

localised scales are one relatively new tool being used to gain insight into future 

environments. For seagrass, findings suggest they will derive large benefits from 

enriched CO2 by increasing below ground energy stores (Hall-Spencer et al., 



207 

 

2008, Russell et al., 2013). Forecasted CO2 might also decrease calcified 

epiphytes growing upon leaves (Martin et al., 2008), but few studies have reported 

on filamentous seagrass epiphytes under natural CO2 enrichment. In one naturally 

acidified reef habitat, algal turf species decreased in cover (Porzio et al., 2011), 

however, this contrasts with another study of sub-tidal rock following disturbance 

that found small filamentous species colonise rapidly and persist under acidified 

conditions (Kroeker et al., 2013). It follows that seagrasses leaves which 

continuously produce new substrate might favour such algal groups that rapidly 

colonise under high CO2 as I found in Chapter 5. Greater spatial and temporal 

replication at CO2 vent sites would be required to provide meaningful data on the 

interactions between seagrass and non-calcified epiphytes, given the great number 

of conditions other than CO2 that can modify epiphyte proliferation (e.g. light, 

temperature, nutrients & hydrodynamics) (Borowitzka et al., 2006, Lavery et al., 

2007). 

 

Biotic interactions under forecasted CO2 will not only be modified between 

primary producer groups (i.e. epiphyte-seagrass), but also between different 

trophic levels (i.e. urchin-seagrass). To date, a great amount of research has 

focussed on the deleterious effects of global abiotic changes on the survival and 

growth of marine organisms, in particular calcifiers. While some studies report 

seemingly dire consequences (Byrne et al., 2011, Hoegh-Guldberg et al., 2007), 

other variable outcomes suggest calcifying organisms might still play an 

important ecological role in future environments (Calosi et al., 2013, Ries et al., 

2009). In Chapter 6 I found sub-lethal changes to ocean warming and acidification 

might combine to increase per capita grazing rates of urchins on seagrass. This 
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finding for warming is consistent with metabolic theory for other marine 

ectotherms that commonly increase grazing under higher temperatures (Hillebrand 

et al., 2009, O'Connor, 2009), however, in contrast to my expectations, 

acidification also increased grazing, possibly to compensate for increased energy 

required for physiological maintenance under acidified conditions (Cummings et 

al., 2011, Li &  Gao, 2012). Evidence for such trade-offs and compensatory 

effects continue to emerge. For example, in sea-stars Gooding et al., (2009) found 

enriched CO2 increased consumption, but still resulted in a lower percentage of 

calcified mass, whereas, Wood et al., (2008) found enriched CO2 increased 

calcification, but this was associated with wasting of muscle tissue. As such, it 

appears organisms might be forced to partition resources differently in the future, 

but ultimately still appear to suffer under acidification, supporting the notion that 

the future survival and ecological roles of calcifiers is uncertain (Sheppard-

Brennand et al., 2010, Byrne et al., 2011, Gooding et al., 2009, Kroeker et al., 

2013, Wood et al., 2008). Although, recent mutli-generational studies (Dupont et 

al., 2012, Sunday et al., 2011) and observations of urchins at naturally acidified 

CO2 vent sites (Calosi et al., 2013) suggest they can adapt to live under acidified 

conditions. The urchin I studied resides within dense meadows of primary 

producers, and therefore, might be particularly accustomed to large diurnal 

variation in autotroph-driven pH (i.e. from photosynthesis and respiration) (Koch 

et al., 2013, Semesi et al., 2009), which might modify their ability to tolerate 

acidified conditions (Dupont et al., 2010). Thus, it appears urchins might remain 

and even increase their grazing significance in a higher CO2 world. However, if 

such rapid global changes continue to surpass worst case predictions, conditions 
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that exceed physiological thresholds and organism functioning would seem 

inevitable (Miles et al., 2007, Sanford, 2002). 

 

7.4 FUTURE RESEARCH 

I highlight top-down grazer control can modify seagrass meadows in southern 

Australia, but both spatial and temporal replication would be required to provide 

wider inferences of these results. Perhaps a more widespread synthesis of the 

distribution of the urchin A. pallidus would also shed light upon the drivers behind 

population expansions and therefore the localities of seagrass meadows that are 

most vulnerable. The generally inconspicuous nature of A. pallidus is one factor 

that might have contributed to the paucity of information regarding its ecology 

(Fig. 7.1).     

 

While my thesis was approached primarily from the perspective of biotic 

interactions that mediate seagrass loss, it uncovers many areas of interest 

regarding urchin physiology and nutrition. Future studies focussed on urchins 

could deliver a greater mechanistic understanding of some of my results. Firstly, 

isotope analysis will provide a powerful tool to determine whether urchins derive 

the majority of their nutritional requirements from seagrass or their epiphytes, by 

comparing individuals acclimated to different food sources (e.g. Tewfik et al., 

2005). Secondly, identifying changes to urchin fitness that result from differing 

food quality, such as fecundity and reproduction will give greater interpretive 

value to the per capita responses I identified here. Likewise, per capita grazing 

responses to warming and acidification will be strengthened by integrating 
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findings with modelling of population level responses to better define top-down 

processes under global change.  

 

In reference to the effect of forecasted CO2 on seagrass physiology and ecology, 

studies must continue to break new methodological boundaries to examine these 

plants in situ, where natural abiotic limitations and biotic interactions are present. 

A great legacy of laboratory experimentation using CO2 has provided an in depth 

understanding of seagrass carbon physiology, when compared with the limited 

knowledge of enriched CO2 on biotic interactions that occur in nature. While truly 

in situ CO2 experimentation might better reconcile such ecological effects, 

research in this area has been limited due to the financial and technical hurdles 

associated with manipulating CO2 in natural settings. However, in situ research is 

rapidly expanding and much can already be gleaned by combining knowledge 

from current attempts, such as naturally enriched meadows at volcanic CO2 vents 

(e.g. Hall-Spencer et al., 2008, Russell et al., 2013), microcosm and mesocosm 

experiments (e.g. Eklӧf et al., 2012, Palacios &  Zimmerman, 2007) and recent 

advances in benthic CO2 manipulation techniques (e.g. Campbell &  Fourqurean, 

2011, Campbell &  Fourqurean, 2013a). While any technique that limits water 

exchange or organism movements is likely to modify natural abiotic and biotic 

conditions, other methods such as CO2 vents must be interpreted cautiously due to 

the legacy of unknown variation in these habitats and limited replication (Calosi 

et al., 2013, Koch et al., 2013). Nonetheless, the combination of these techniques 

continues to enhance our understanding of the physiology and ecology associated 

with global change. 
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Figure 7.1. The inconspicuous urchin. Above: A short-spined sea-urchin in a 

meadow of Posidonia sp. Below: An urchin in a meadow of Amphibolis 

antarctica, but photographed from beneath the canopy. Photo credits, Above: 

Andrew Irving; Below: Owen Burnell 
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7.5 CONCLUSIONS 

Predicting the cumulative impacts of anthropogenic change on habitat-forming 

primary producers is inherently complex due to opposing direct effects, as well 

changing competitive and trophic interactions (Harley et al., 2012). I found these 

changing biotic interactions can certainly overwhelm direct effects of abiotic 

change on seagrass, particularly where local conditions favour organisms that 

inhibit seagrass (e.g. epiphytes and urchins). While it can often be difficult to 

attribute exact cause for stochastic events that drive habitat loss in nature 

(e.g. urchin population expansions or epiphyte overgrowth), understanding how 

anthropogenic changes can combine to promote such ecological effects can help 

foresee and, therefore, prevent such outcomes. While some local-scale changes 

can be abated through effective management strategies (i.e. over-fishing and 

nutrient enrichment), curtailing global-scale changes requires significant political 

will from society as a whole (i.e. CO2). 

 

I add to the growing body of evidence for top-down grazer effects on seagrass, 

highlighting that changing biotic interactions under different environmental 

conditions (e.g. resource and consumer shifts) should preclude the application of 

any single paradigm from the dichotomy of top-down vs. bottom-up control to 

seagrass meadows. In fact, there is merit in the recognition that top-down and 

bottom-up control may be more effectively assessed as a continuum of competing 

consumer versus producer effects (Connell et al., 2011). Strong biotic interactions 

that control habitats in the face of anthropogenic change will not be limited to 

seagrass ecosystems, but span terrestrial (Reekie &  Bazzaz, 1989), coral reef 

(Diaz-Pulido et al., 2011) and sub-tidal kelp systems (Falkenberg et al., 2012). 
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Although, the widespread occurrence and legacy of seagrass loss along urbanised 

coastlines suggests they will remain particularly vulnerable to the combination of 

many human mediated changes in the future (Duarte, 2002, Orth et al., 2006, 

Short &  Neckles, 1999). If humans are to continue reaping the many ecosystem 

services from optimally functioning seagrass habitats, a greater understanding of 

biotic control under altered states is required. 
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