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Abstract

The Great Barrier Reef (GBRjontainsextensive, diverseseagrass meauws that are an
important food source for a range of herbivor8diese herbivores can act as ecosystem
engineers and cause structural changes in the seagrass medwEe they grazeSuch
structural modificationso seagrassesan also alter the other important ecosystenctions

and services that the meadswprovide.Although we know there are large populations of
herbivores in the GBR, and particularly megaherbivores who can have the imgggst on
meadow structure, there is limited research into hevbivory can act to modify seagrass
meadovg in the GBR.Understanding how the tegiown pressure of herbivory modifies GBR
seagrasses essential to inform management measures that rely on aboveground seagrass

properties to assess meadow health.

| advance this areaf researchby investigatingthe impact of herbivory in GBR seagrass
meadowsusing exclusion treatments to understand the role of each herbivore, group
megaherbivores (turtlesand dugongs macroherbivores (fish and urchins) and
mesoherbivoregamphipods and isopods), individually and interactivelgtructuringGBR
seagrasses. | also investigate howdtnacturing impacbof herbivoryvaries over space and

time. My studiesthen focused onthe largest and most significant herbivore groufhe-
megaherbivoresand| also used seagrass tethering to quantify rates of herbivory by fish and
urchins in seagrass meadows. My studies focussed on two locations in thea GRBIRI-

species assemblage in a marine national park around Green Island irthkenm@BR, and a
coastal estuarine region around Gladstone in the southern GBR with large areas of intertidal

seagrass meadows.

| found that megaherbivore graziiegn significantly reduce aboveground seagrass biomass
and shoot heights in GBR seagrassadavs, althoughmegaherbivorefeeding differed
between the meadows that | studietijch changed the scale of the impact. At Green Island |
observed the formation of grazing plots for the first time in the GBR, where green turtles
reduced aboveground biomasmdshoot height by forming distinct grazing plots within the
meadow | also observed green turtles feedingseagrasshizomesand roots which caused
reductions in belowground biomass. Tieeding behaviour may have been motivated by
dietary requiremats of the greenuttles which targeted leaf tissue nutrients or the higher
carbohydrate content belowground matemaldd was the first time this behaviour had been

recorded in the GBR and only the second time documented globally.
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In Gladstonemegaherlvores hadan overwhelming impact on meadow structure compared

to macre and mesoherbivoresierethey grazed broadly across the wholeadow, causing
largescale reductiongén aboveground biomass and shoot height. Excluding other herbivore
groups did not result in furthestructural changes to the meadow or the epiphyte load, and
they did not interact with megaherbivores to produce overall structuring impacts.
Megaherbivore exclusion experiments in multiple meadows in the Gladstone region showed
that the gructuring impact of megaherbivoryaried letween different meadows and over

time.

Herbivory by fish and urchins also varied over space and time. Rates of macroherbivory at
Green Island were low compared to other tropical locations and for most of the year
macroherbivoresonsumed a small percentage of seagrass productivity, however this varied
between meadows and throughout the year. The observed low levels of macroherbivory may
be due to the area at Green Isldoeing afforded the highest level of marispatial
protection where both the herbivores themselves and their predators are protected. This
dynamic may maintain a relativey intact food chain and preverarge increases in

macroherbivore populations that can cause overgrazing events.

| developed a conceptual model which predicts how changes in seagrass meadow structure
caused by herbivory would modify the ecosystem services delivered by a seagrass meadow.
This model is a continuum with a seagrdssninated system at one end, where grazing is
limited and a high biomass meadow is presant a herbivore dominated system at the other

end where grazing reduces seagrass meadow structure. | predict that the greatest range of
ecosystem services would be delivered in the middle of this continuum in aduhkystem.

My research shows that the sites | studied differ in their posstiothis continuum: Green

Island represents a balanced system where a moderate level of grazing takes place but
seagrass biomass remains high and provides a range of ecosystem services. Gladstone
represents a herbivore dominated system where high levels of grazing, particularly by

megaherbivoresnaintains the seagrass meadows here in a lower biomass state.

My research shows that megaherbivores can act as ecosystem engineers in GBR seagrass
meadows and can cause significant reductions in shoot heights and losses in aboveground
biomass However these impacts are not constant between meadows or overTirese

changes in meadow structure caused by herbivory will change the ecosystem services
provided by the meadow, and a more valuable feeding ground would result hoffisadéth

the delivery of other ecosystem servicBsagrass management and monitoring programs in
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the GBR currently do not include an assessment of grazing peskaweveran
understanding of the impact of herbivompuld help to give an overall picture of meadow
health. My research shows that seagrasses should ideally be managed as a coupled plant
herbivore systenn the GBRto achievethe best outcomes for seagrasses, the herbivores that

rely on them, and to maintain the delivery of seagrass ecosystem services.
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Chapter 1

General introduction

The Great Barrier ReqiGBR) contains extensive and diverse g@as meadows that are
grazedby a range of herbivore groups, fromamnvertebrates, to largmarine reptiles and
mammals. Despite the diversity of both grazerd seagrass populations, the role of
herbivores in structuring seagrass meadows in the GBR is not well understood. This chapter
summarises the current understagdof plantherbivore interactions in seagrass meadows
andidentifiesthe knowledge gaps which my research will address. This cHaptbrinto a

more detailed reviewf the impact of herbivory on seagrass ecosystan@hapter 2. | also
outline the objetives and chapters that make up the thesis.






Introduction

Herbivores can act as ecosystem engineers, modifying the habitats that they graze on as they
feed(Bakkeret al, 2016a Jones et al.1994). The structuring impacts of herbivory and plan
respoises to grazing pressurereate complex pla#tterbivore interactions in grazing
ecosystems. In terrestrial grasslands, the glarbivore interactions taking place are well
establishedMcNaughton, 1984, 1990%rasslands have coevolved with herbivores lzotth
grazers and grasslands have adaptations to each other (McNaaghtbn 1989) For
example, herbivores feed to maximise their intake of energy or nutrients (e.g. McNaughton,
1984, 1990). In these terrestrial grazing systems, herbivores can egpiicant amounts of

plant biomass and their grazing can control primary productivity, species diversity and
nutritional content of the ecosystems where they graze (Asnef, 2009; Diaz et a).
2007b).

These complex platterbivore interactions alsoperate in marine ecosystems. Similar to
terrestrial grasslands, seagrasses are flowering plants living in the shallow (<100m) marine
environment that can form extensive, diverse meadows across the globee(Gtpa007)

These meadows are important fmarine organisms. By providing a structuredmplex
habitat where a diverse range of animals live, breed and hunt, seagrassdsicatversity
hotspos (Heck et al, 2003; Hughes et al2009) Seagrass meadows also benefit people by
providing ecosygm services such as fisheries habitat provision, coastal protection and
cultural values (Nordluncet al, 2016) One of the most important ecosystem services
provided by seagrasses is the provision of food for herbivores (Nordtuaid 2016) Like

their terrestrial counterparts, seagrasses are gtazadliverse group of herbivores that act to
structure meadows and modify the other ecosystem services they providenggpeer Q —

Scott et al, 2018). However, the complex plamtrbivore interactions thaact to modify
seagrass meadows and their ecosystem services are not well understood in many seagrass
meadowgHeck and Valentine, 2006; Valentine and Heck, 2020)

Our understanding of the fundamental role of seagrasses as a food source for herbivores is
relatively recent. The presence of extensive, lush meadows that appeared undisturbed by
grazing and the apparent poor nutritional value of seagrass material, suggested that
seagrasses were not extensively grazed (e.g. Bjorndal, 1980; Thayerl&84l. However,

we now know that the tedown pressure of herbivgrgnd the trophic cascades it caysaes

be equally or more important in determining seagrass meadow structure and function than



bottomup drivers (Heck and Valentine, 2007he role of herbivory in structuring seagrass
meadows has been demonstrated for meadows worldwide and all grazer groups can play a
role in structuring meadows, particularly for seagrasses in the tropics and subtropics
(Valentine and Heck, 1999, 2020)Vhile these structuring impacts can be significant and
dramatic, seagrasses are well adapted to cope with herbivory having evolved with large
populations of diverse megaherbivores (Jacktal, 2001) So although herbivory can have
negative impacts on seagrass meadow structure, some level of herbivory may actually benefit

seagrass meadows (seleafdter 2 Scottet al, 2018).

Herbivory in seagrasses also has broader seascape level benefits and creates trophic links to
other coastal ecosystems. Export of primary productivigmf seagrass meadows via
herbivores and drift detritus subsidises other marine ecosystems, from adjacent coral reefs
and mangroves to distant deep sea habitats (Heek, 2008; Hyndes et al2014) Large
herbivores caralso ingest andransport viable seagrass seeds long distances to form new
meadows and contribute to genetic diversity of existing meadow®{( &b 2017)

Seagrass meadows globally are threatened and declininge@t conservation measures

that protect large herbivores may be cimiting to these declines and exacerbagrgpting
anthropogenic pressures on meadows (Ardtual, 2013; Fourqurean et al2019; Orth et

al., 2006) Where seagrass consumption by herbivores exceeds daily seagrass productivity,
especially where large herbivores are present or herbivores aggregate in groups, overgrazing
and seagrass loss can occur (EgIOf et al, 2008; Heithaus et al2014). Therefore, to
effectively manage both seagrass meadows and the herbivores that rely on them, -the plant

herbvore system as a whole should be considered (see Chapeoftet al, 2019.

The Great Barrier Reef (GBR) has some of the most extensive and diverse seagrass meadows
in the world which are grazed by a diverse herbivore community (@blak 2015) The
meadows in the GBR cover tropical and subtropical environments and are made up of fifteen
species of seagrass (Colesal, 2015) These seagrass meadows arfea source for a

diverse community of herbivores, from mesoherbivores such as small aaghipopods

and gastropods (Hoffmaret al, 2020), to macroherbivores such as fish and urchins (Fox
and Bellwood, 2008Xo megaherbivores such as green turtles and dsgénggoneset al,

2006; Fuentes et al2006) The diversity of both seagrasses and their herbivores in the GBR,
along with the significant populations of large bodied herbivores, mean this is an
environmentikely to besimilar to that under which seagrasses evolved and adapted, making

this an interesting place to study plinatrbivoe interactions. Despite the possible significant

4



impacts of herbivory on seagrasses of the GBR, we currently have a limited understanding of
how the herbivores here structure the meadows they feed ondtvakk2017)

Knowledge gaps and rationale for tlesis

Research has highlighted the function of herbivory as addem structuring force that
modifies seagrass characteristics, particularly in tropical and subtropical meadows where
megaherbivores are present. However, the impacts of herbivory depend on the characteristics
of each seagrageerbivore system, and these will vary between locations and over time.
Current knowledge of plasiterbivore interactions in GBR seagrass meadows is limited, and
my research establishes whether the patterns of herbivory seen in other locations are also

applicable here.

York et al., (2017) identify key knowledge gaps for Australian seagrass research. Two key
guestions identifiecs priorities for further studgre addressed by my research. These are:
How does herbivory inflence the structure and function of seagrass? And how do different
factors (scaled from gene to landscape) influence the functional processes involved in
ecosystem service delivery? | address these by fisidgexclusionstudiesto understand the
impact of herbivory on seagrass meadow structure and link this to ecosystem service

provision.

Nordlund et al, (2017) identify three key themes for future seagrass ecosystem service
research. My thesis addresses the first of these; to investigate variability in ecosystem service
delivery within and between seagrass meadalus to differing meadow characteristics. |
address this in terms of the variability in the provision of food for herbivores and
understanding the possible traofiés with the delivery of otheecosystem services that occur

as a result of herbivore mediated structuring of seagrass meadows.

My work adds to the published body of seagrass herbivory research by understanding plant
herbivore interactions and the interactions between herbivore groups that structure seagrass
meadows in the GBR. My research will allow managers to understand more about the
seagras$erbivore system as a whole in the GB®& inform monitoring and management.

This will assist inconservatiorefforts forherbivores, seagrasseadows and their associated

ecosystem services.



Thesis aims and objectives

My research investigates how feeding by herbivores structures seagrass meadows in the
GBR. The goal of this research was to understand how grazing by all herbivore groups in
GBR seagrasses acts to structure meadows, identify the important herbivores and understand

how the pressure of herbivory varies over space and time.
My thesis has the following specific objectives:

Objective 1: Produce a conceptual model which shows how herbivores can modify
ecosystem service delivery itropical seagrass meadows and identifies where data gaps

exist

Although the role of herbivores in modifying seagrass meadow structure and function in
tropical environments is known to be importafgw studie have linked these herbivore
driven changes to the delivery of ecosystem services. By bringing together a group of experts
and current research, | produced a conceptual modelhapt€r 2 to understand how
herbivoresmay modify ecosystem service delivery in tropical seagrass meadows, and what
the management implications of this are. This provides the framework around which my
following data chapters are based.

Objective 2: Understand the individual effects of, and interactions betweedijfferent
herbivore groups in structuring GBR seagrass meadows

Understanding how the herbivore community as a whole can impact seagrass meadows and
how different herbivore groups can interact with each other to structure seagrass meadows, is
essential to quantifying platietbivore interactions in seagrass meadows. Howefesy
subtropical or tropical studies have attempted to assess herbivory by different grazer groups,
and nosuch interactivestudies have been carried out in the GBR. | address this objective in
Chapter 3 wih a multigrazer exclusion study.

Objective 3: Understand the role of megaherbivore grazing in structuring GBR seagrass

meadows and how this varies over space and time

Although there are large megaherbivore populations in the GBR that graze on seagrass
mealows, we know little about the impact that these herbivores have on different GBR
seagrass meadows. Seagrasses are dynamic systems so the megakedygvass-
interactions are likely to havhigh spatial and temporal variaty between and within



meadove. | address this objective inh@pters 4 and 6 with experiments at two different
locations within the GBR World Heritage Area.

Objective 4: Quantify the level of seagrass herbivory by fish and urchins, investigate

feeding preference and understand how macherbivory varies spatially and temporally

Fish and urchinsare important herbivores in seagrass meadows, however we know little
about herbivory by fisrand urchinson tropical seagrass meadows, especially within the
GBR. In Chapter 5] used a range ofthniques to quantifynacrdierbivory, identify the
macroherbivores present and understand the impact of dreingin a GBR seagrass

meadow witha range of macroherbivorpsesent
Thesis outline

My thesis is presented as aiss of scientific publicabns. Authorship on these publications

is shared with my supervisors and some of the larger project téanever | am the lead
author on all chapter publications and conducted all fieldwork and lab work with assistance
from Seagrass Ecologyab staff andsolunteers | carried out all data analysis and produced
first drafts for input from all authors. The structure of my thesis is detailed below and
outlined in Figire 1.1.

Chapter 1. Provides an introduction to the current knowledge of seateabsvore

interactions in tropical seagrass meadows.

Chapter 2: Brings together scientists from thau#gralianResearchCouncil project which

my work is a part of, to discuss the role of herbivory in structuring tropical seagrass meadows
and modifying the ecosystemarsices they deliver. This chapter is published in Frontiers in
Plant Sciencas part of a multauthor paper based on a Wwsinop which | developed and led.

| wrote the manuscript with edits from-emithors.

Chapter 3: This chapter focusses on Gladstoneldar as a study site guantify the impact

of all three size classes of herbivore gro(mesoherbivores, macroherbivores and
megaherbivores)in structuring a subtropical seagrass meadow. Experimental work
investigates the interaction between herbivor@ugs in structuring this seagrass meadow
which exists in an environment containitggh levels of industrial activity andarge
megaherbivore populations. This chapter is published in Estuaries and ,doestgeived

the study with advice from my supesurs, carried out all field work and lab work with help



from the TropWATER Seagrass Ecology Lab, conducted all of the data analysis and wrote

this publication with input on data interpretation and manuscript edits from my supervisors.

Chapter 4: Investigagés the impact and feeding behaviour of megaherbivores at Green
Island, by using exclusion cages to understand how green turtles can structure a tropical
seagrass meadow, within a Marine Protected Area that has a high tourism value. This chapter
is publishel in Marine Environmental Research, | conceived the study with advice from my
supervisors, carried out all field work and lab work for this chapter with help from the
TropWATER Seagrass Ecology Lab team, conducted all of the data analysis and wrote this

publication with input on data interpretation and manuscript edits from my supervisors.

Chapter 5: Uses a combination of methods to quantify grazing by fish and urchins on
seagrass meadows at Green Island, identify these grazers, understand their feeding
preferences and how their grazing structures the meadow. This chapter is currently under
review inDiversity, | conceived the study with advice from my supervisors, carried out all
field work and lab work with help from the TropWATER Seagrass Ecology Lab, team
conducted all of the data analysis and wrote this publication with input on data interpretation

and manuscript edits from my supervisors.

Chapter 6: Focusses on how megaherbivory can varyegional spatial scales over scof

kms and over time, by caing out a multisite megaherbivore exclusion experiment within a
50km stretch of coastline in the southern GBR near Gladstone. This publication is currently
under review in Marine Ecology Progress Seriesonceived the study with advice from my
supervigrs, carried out all field work for this chapter with help from the TropWATER
Seagrass Ecology Lab team, conducted all of the data analysis and wrote this publication with

input on data interpretation and manuscript edits from my supervisors.

Chapter 7: Sunmarises the key knowledge gaps that have been addressed by this thesis, the
management implications for these findings and how my data chapters relate to the
theoretical model of herbivore and seagrass interactions detaildwhnte 2.
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Chapter 2

The role of herbivory in structuring tropical seagrass ecosystem

service delivery

Chapter 2 is a perspective article that summarises current knowledge of how herbivory can
structure tropical seagrass meadows and impact ecosystem service delivery in seagrass
meadows. This chapter sets the scene for my experimental work which iatesstige
structuring impact that herbivores can have on tropical seagrass meadows and links this to the
ecosystem services that they deliver.

This chapter has been published in Frontiers in Marine Science as part of the Conservation
Ecology of Aquatic Plats research topic:

Scott, A. L., York, P. H., Duncan, C., Macreadie, P. |., Connolly, R. M., Ellis, MJatyis,
J. C., Jinks, K. I., Marsh, H. and Rasheed, M2618. The Role of Herbivory in
Structuring Tropical Seagrass Ecosystem Service Deliveoytiers in Plant Science.
9. doi:10.3389/fpls.2018.00127.

Author Contributions

ALS, PHr, MAR, AM and CD conceived the main concept of the manuscript. All authors
participated in a workshop led byLA to discuss and develop the themes of the perspective
article. ALS prepared the manuscript. All authors reviewed, revised and approved the final

manuscript.
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Abstract

Seagrass meadows support key ecosystem services, via provision of food directly for
herbivores, and indirectly to their predators. The importance of herbivores in seagrass
meadows has been welbcumented, but the links between food webs and ecosystem
services in seagrass meadows have not previously been made explicit. Herbivores interact
with ecosystem services wcluding carbon sequestrationulttiral values, and coastal
protection. Interactions can be positive or negative and depend on a range of factors including
the herbivore identity and the grazing type and intensity. There can be unintended
consequences from management actions based @woraupderstanding of traddfs that

occur with complex seagrakerbivore interactions. Tropical seagrass meadows support a
diversity of grazers spanning the mesmacre, and megaherbivore scalesplesent a
conceptual model to describe how multiple ecosystem services are influenced by herbivore
pressure n tropical seagrass meadows. Mwyodel suggests that a balanced system,
incorporating both seagrass and herbivore diversity, is likely to sustain the broadest range of
ecosystem services. Mifamework siggests the pathway to laeve desired ecosystem
serviceoutcomes requires knowledge on four key areas: (1) how size classes of herbivores
interact to structure seagrass; (2) desired community and management values; (3) seagrass
responses to teglown and bottorup controls; (4) the pathway from intermediate to final
ecosystem services and human benefissiggest research should be directed to these areas.
Herbivory is a major structuring influence in tropical seagrass systems and needs to be
considered foeffective management of these critical habitats and their services.

Introduction

Herbivores can dramatically influence primary production throughdtoapn regulation in

global ecosystems, including seagrass meadows. Seagrasses are well adapted tih cope wi
grazing pressure (Heck and Valentine, 2Q00&wever, planherbivore interactions can

modify characteristics such as biomass, productivity and species diversity. There are 31
tropical seagrass species, approximately half of the global total, grazed by a broad suite of
herbivores(Carrutherset al, 2002; Short et gl.2007) This diversity leads to complex
interactions among plants and herbivores. In the tropics, how these interactions shape
seagrass meadow properties is not fully understood (&toak, 2017) Such grazemediated

changes in meadow structure can also influence the ecosystem services provided by seagrass,
an area that has received little research focus (Badtkadr 2016b)
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The Millennium Ecosystem Assessment outlined four categories of ecosystem services:
provisioning, regulating, cultural and supporting (MEA, 200H)ese categories have been
refined to better reflect how humans use ecosystems and to distinguish between intermediate
ecosystem services, final ecosystem services, anéfibs (Mace et al, 2012) This new
classification prevents doub&®unting of services in management or economic valuations
(Boyd and Banzhaf, 2007; Fisher et, &008) Final ecosystem services are ‘aspects of
ecosystems utilised (actively or passwelto produce human welleing’, whereas
intermediate services are not used by humanity, either directly or indirectly (Eishér

2008) Benefits are the ways human weding is enhanced through ecosystem services
(Mace et al, 2012) and sometimeseguire human inputs such as people, knowledge or
equipment(Fisheret al, 2008) Seagrass meadows provide numerous intermediate and final
ecosystem services (Nordluret al, 2016) For example, nutrient cycling in seagrass
meadows is an intermediate service, which produces the final ecosystem service of improved
water quality, with the benefit of improved human health. Herbivory has the potential to
modify these seagrass ecosystem services by reducing biomass, changing productivity, or
altering species asmblages within meadows.

The multiple ecosystem services provided by seagrass meadows respond to environmental
pressure and interact in complex ways, presenting challenges for managers. [Sxsedce-
management requires knowledge of the traffie-that @ise from antagonistic interactions
between ecosystem services. Traffs- occur when one service is enhanced at a cost to
another, and are a common outcome of management decisions, often unrecognised (Bas
Ventin et al, 2015; Raudsepplearneet al, 2010) Synergistic interactions occur when the
combined effect of ecosystem service responses is greater than the sum of the individual
effects, positive and negative (C&é al, 2016) | contend that an understanding of how
herbivores can structure tropical seagrass meadows (see Figure 2.1) is essential for effective

management and conservation.

In this chapterl review the current literature and identify the plaatbivore interactions that
structure tropical seagrass mead. | synthesise this informatioto develop a conceptual
model of how seagrass and herbivory interact to deliver ecosystem servirggjekt a
management framework to ensure a holistic approach to achieve desired community and

management outcomes for seagrasses, herbivores and ty&t@roservices they deliver.
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Plant-herbivore interactions structuring tropical seagrass meadows

Herbivores in tropical seagrass meadows are diverse, with a range of feeding strategies, each
influencing meadows differently. klassify them into threegroups based on size:
mesoherbivore macroherbivores and megaherbivores. Mesoherbivores (e.g. amphipods,
isopods and gastropods) live on seagrass blades, and mainly consume epiphytes @buffy
2003) although they can also consume seagrass (e.g. Rasainiz014) Macroherbivores

(e.g. sea urchins and fish) shred or take bites out of the seagrass blades (Alcoverro and
Mariani, 2004). In contrast, megaherbivores, green turtles and dugongs, crop leaves. Dugongs
also excavate whole seagrass plants (turtles only excavate in extreme cases) (Cleistianen
al., 2014; Marsh et al.1982, 2011). Each herbivore group contributes to structuring seagrass
meadows in different ways, influencing biomass, productivity, leaf nutritional quality, species

assemblage stcture and meadow extent.

The impact of herbivory on seagrass biomass changes with herbivore size and density.
Megaherbivores and macroherbivores can consume significant amounts of seagrass, resulting
in biomass declines, particularly when they are present in large nu(Roersjurearet al,

2010; Lal et al. 2010; Masini et aJ.2001; Vonk et a). 2015) In multispecies tropical
meadows, biomass declines may only be observed in some seagrass species (Armitage and
Fourqurean, 2006)Grazing by fish can ra#t in bare strips, or halos, around reefs (Randall,
1965) and can outstrip production in tropical meadows (Unswetthl, 2007) Biomass

losses from increased megaherbivore and macroherbivore grazing, or high numbers of
herbivores, are often accompanied by reductions in shoot density (Betssty 2016;
Burkholderet al, 2013; Lal et al. 2010; Preen, 1995nlthough not always (Moran and
Bjorndal, 2005; Mutchler and Hoffman, 2017). Other structural properties including canopy
height, leaf width and area, might decrease due to megaherbivore and macroherbivore
grazing (Ebrahim et al, 2014; KuipetLinley et al, 2007; Lal et al. 2010; Moran and
Bjorndal, 2005) In contrast, medwrbivorescan have positive effects on seagrass biomass.
These animals & on leaf epiphytes, which benefit seagrasses by reducing shading (Orth
and Van Montfrans, 1984; Reynolds et, &014) Experiments show that mésrbivores
substantially reduce seagrass epiphytes in temperate and subtropical systemst (&pok
2011; McSkimming et al, 2015; Whalen et al.2013) and their presence can increase

seagrass biomass (Myers and Heck, 2013)

Herbivory directly affects seagrass productivity, with impacts caused by grazing intensity and
the size class of herbivores. Increased productivity has been recorded in response to grazing
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by megaherbivorefAragones and Marsh, 2000; Christianen et 2012) but when grazing
reaches high levels, productivity declines (Fourquedaal, 2010; Kelkar et aJ.2013b) We

know less about smial herbivores in tropical meadows, but temperate studies have shown
that macroherbivore grazing increases seagrass growth up to a certain point, after which it
declines (Vergés et al, 2008) and mesoherbivorestudies show seagrass productivity
increases Wwh increasing grazing on epiphytes (Jaschinski and Sommer, .2008)
Megaherbivore grazing can also cause the redistribution of productivity within tropical
seagrasses, leading to higher leaf growth relative to rhizome growth (Aragones and Marsh,
2000)

Grazing activity can also affect the seagrass species assemblage. Megaherbivore grazing
disturbance creates an environment that favours colonising seagrass species (sensu Kilminster
et al, 2015) causing the seagrass meadow to shift towards a gremergn, early
successional stage community (Aragones and Marsh, 2000; Kelkar, @0RBb; Kuiper

Linley et al, 2007; Preen, 1995The opposite pattern has also been observed where urchins
prefer colonising species, and their grazing maintains the climax comni\ioik et al,

2008) Seagrass diversity increases as meadows recover from disturbance because a mix of
climax and coloniser species are present (Rasheed,.ZR@dyvery from grazing can take

less than a montho years, depending on the grazingemgity and the life history traits of the
seagrass species (Aragones and Marsh, 2000; Kilminster 204b; Lefebvre et g12017)

High herbivore diversity can enhance secondary production in temperate seagrass meadows
(Duffy et al, 2003) however thse relationships require more investigation in diverse
tropical systemgClarkeet al, 2017)

Herbivores can also have largeale positive impacts on seagrass meadows: by dispersing
seagrass propagules and seeds up to hundreds of kilometres, theg provathanism for
meadow recovery (Tadt al, 2017) Herbivores reduce the accumulation of organic matter
and nutrients by consuming seagrass, reducing the risk of factors such as hypoxia and
diseases that cause seagrassoffiefChristianenet al, 2012; Jacksonet al, 2001)
Megaherbivore grazing also increases microbial nutrient cycling in seagrass sedieemnts

and Dennison, 1999)

Tropical seagrass responses to grazing pressure are dependent upon the size and densities of
herbivores present. Some overall patterns can be observed for tropical meadows, and are
summarised in Figur@.l, but variability between meadows still occurs due to meadow
characteristics and differences in spatial or temporal scale of studies. There is variability both
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between sagrass species and due to differences between study locations. Studies within the
same location have also produced differing results (Mutchler and Hoffman, 2017; Myers and
Heck, 2013) Seascape configuration and the proximity of other habitats can hawvgpact

on seagrass meadow fauna and meadows in proximity to other habitats can have increased
herbivory(Swindellset al, 2017; Valentine et 312008)

Interactions among herbivore functional groups

Grazing by one herbivore group can change seagrass meadows as habitats, in ways that affect
other herbivores. Heavy grazing by megaherbivores can diminish the available habitat for
mesoherbivorge, and the suitability of habitat for macroherbivores. The aopson of
epiphytes by mesoherbik@s may be posite for herbivores that consume seagrass directly,
due to increased seagrass growth. The removal of epiphytes, however, might also negatively
affect larger herbivores, many of which gain nutrition from the epiphytic algae, either instead
of, or in additionto, seagrass itself (Mara@déndezet al, 2012, 2015) Larger herbivores

may hadvertently consume mesoherbivovesile feeding on the seagrass they live among
(Marsh et al, 2011). Interactions also occur within grazer groups. Herbivory by fish can
increase predation risk to sea urchins by reducing habitat complexity and making them more
visible (Pagé<t al, 2012) Grazing can cause changes to seagrass habitat complexity, which
can affect where fish choose to feed, with higher fish herbivory in morelernsites
(Unsworth et al, 2007) Chemical changes in seagrass tissue composition caused by
herbivory can be beneficial to herbivores. Nitrogen content can increase in response to
herbivory, making the seagrass more nutritionally rich (Aragatesl, 2006). However,

these changes can be negative, with reductions in starch and increases in fibre (Arigones
al.,, 2006; JimeneRamoset al, 2017). Phenolic compounds defend seagrasses against
herbivores by changing seagrass palatability, and their piodwstiows differing responses

to grazing pressure, exhibiting both increases (Mart@regoet al, 2015)and decreases
(Vergéset al, 2008)
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Figure 2.1: Summary of the expected change in herbivore déoce, key seagrass meadow
properties and selected ecosystem services as habitats shift from sdagnassed to
megaherbivor@ominated At low levels of herbivory, disturbance is minimal and seagrass biomass
dominates the system. As herbivory increases, the system moves towards a balanced state where
productivity increases in response to herbivory and productgitpciated ecosystem services
delivery increasegi.e. carbon sequestration and storage, nutrient uptake leading to improved water
quality). In this system, the diversity of both seagrass and herbivore assemblages are generally at their
highest. As herbivory increases further, seagrass biomass, diversity and productivity decreases and
most ecosystem services delivery reduces before the meadow becomes overgrazed and collapses, at
which point ecosystem services delivery sema Cultural ecosystem servicelivery may be
influenced by herbivory, but responses will be highly variable and changes in cultural ecosystem
service delivery with increasintgerbivory cannot be confidently predictéidiaz et al, 2006; Garcia
Rodrigueset al, 2017). Bars illustrate likely direction of change and do not signify predicted linear
relationships. Images: Catherine Collier, Diana Kleine, Tracey Saxby and Dieter Tracey Integration
and Application Network, University of Maryland Center for Environmental Science
(ian.umces.edu/imagelibrary/).
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Herbivory as an agent of ecosystem service change

Grazing intensity and type (e.g. shredding, cropping or excavating) sasictelagrass
meadows and influences the level and type of ecosystem services provided. If the intensity of
herbivory is moderate, productivity may increase, resulting in more nutrient uptake by the
seagrasgChristianenet al, 2012) Grazing that leads to loss of biomass and reductions in
shoot height may alter intermediate services provided by seagrasses. Including potential
reductions in a meadow’s capacity to: act as a nursery habitat (ete@d, 2003;
Nagelkerkeret al, 2002; Sheaves et aR014) trap sediment (De Boer, 2004nd sequester
carbon(Atwood et al, 2015; Lavery et al.2013) At very high levels of herbivory, seagrass
productivity may be unable to keep pace with removal rates and the meadow could collapse,
as shown in Figur@.1 (Christianenet al, 2014; Fourqurean et al2010; Heithaus et al.

2014) In this case, ecosystem services would cease to be delivered, and stored biomass or
sediment carbon could be released back into the environment (Fourcpiredn2012;
Macreadieet al, 2015) Meadow loss on a large scale also results in mortality and changes in
fecundity in seagrassependent herbivore populations (Fuergésal, 2016; Meager and
Limpus, 2014) How plantherbivore interactions change ecosystem services depends on
location, season, habitat type, seagrass species and the herbivore community composition.
Some services are more valuable in certain locations; e.g. the amount of carbon sequestered
by seagrasses depends on seagrass species and the environmental cont&kt thewh
meadow occurgLavery et al, 2013; Serrano et al2016) Other factors that influence
seagrass and herbivores will also change ecosystem service delivery by mediating plant
herbivore interactions as shown in Figu2e€. Bottomup anthropogenic stssors and
environmental conditions (e.g. light and nutrient levels) can influence seagrass structure, and
the topdown influence of predator presence determines where herbivores are more likely to
feed(Atwood et al, 2015; Bessey et al2016) The response of services to anthropogenic or
abiotic disturbance is dependent on the type and intensity of the stressor, and can be context
dependen{Diaz et al, 2007b) Sometimes the impact of herbivores on seagrass ecosystem
service delivery is unexpected; fexample even when meadows are heavily grazed, the
belowground biomass can still provide an important coastal protection service (Christianen
et al, 2013)

By altering the species composition in seagrass meadows and creating disturbance,
herbivores canlange biodiversity in seagrass communities. Because seagrass is disturbed by
grazing activity, both colonising and more persistent species will be present, increasing
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seagrass diversity (Figure 2.(Kelkar et al, 2013b; Rasheed, 2004)errestrial ecosysms

with more plant species provide higher levels of ecosystem services (Gagnfelgd2013)
Increases in diversity are associated with increased provision of ecosystem services and
greater multfunctionality of systems, attributed to greater intecsfic niche
complementarity(Cardinaleet al, 2012; Gamfeldt et gl.2013; Lefcheck et gl.2015)
however, the high level of complexity in diverse communities may also lead to a greater
number of negative interactions and tradis- (Duncanet al, 2015) The dominant plant
species in ecological communities can be the predominant drivers of ecosystem functioning
(mass ratio: c.f. terrestrial grassland examples: Btiat, 2007a; Grime, 1998)he identity

of dominant seagrass species, and their interactions with herbivore ,gneajpglso play a

role alongside, or instead of, high functional diversity to influence seagrass ecosystem service

delivery.

There are links between intermediate and final seagrass ecosystem services, some of which
are well established, such as changes in seagrasary production and mesoherbivore
removal of epiphytes mitigating nutrient pollution (Christiaegral, 2012) Yet for others,

the relationship is unclear. Ecosystem services and humarbewed are linked, buthe
relationship is neither consistent nor linear, so it is difficult to predict how beeailg
outcomes respond to pressure (Badeal, 2015)

Herbivores themselves are also important for the ecosystem services delivered by a seagrass
meadow. The ecostem service benefits of tourism, hunting, fishing and cultural values
depend explicitly on the presence of herbivores (Betileal, 2012; CullertUnsworthet al,

2014) Cultural ecosystem services provided by seagrass meadows are important, but they are
understudied, difficult to quantify and are rarely incorporated into management (Garcia
Rodrigueset al, 2017; RuizFrauet al, 2017) Understanding cultural services in the tropics

is important, as spiritual and religious values of seagrasses arBcaignand qualitative
information on this is available (Culldnnsworthet al, 2014; De La TorrCastro and
Roénnback, 2004)Dugongs and green turtles have been referred to as cultural keystone
species for communities in the tropics (But¢ral, 2012) Some cultural services such as
education, tourism and research require human inputs for benefits to be realised. Others, such
as religious, spiritual and bequest value, can be viewed as final services as they rely on a
functioning seagradserbivore sysm.

In Figure 2.1, Isummarise how seagrass and herbivore interactions manifest to effect the
delivery of key ecosyste services. Mymodel suggests that at low levels of herbivory, the
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system is seagrass dominated, characterised by high seagrass biomass and moderate levels of
productivity and diversity. As herbivory increases, the system moves towards a balanced state
where productivity increases in response to herbivory and produ@assiyciated ecosystem
services (i.e. carbon sequestration and storageient uptake leading to improved water
quality) delivery increases. In this systenmhypothesise the diversity of both seagrass and
herbivore assemblages are generally at their highest and the biomass of both seagrass and
herbivores are maintained at moderate levels. As herbivory increases further, seagrass
biomass, diversity and productivity decreases and most ecosystem services delivery reduces
before the meadow becomes overgrazed and collapses, at which point ecosystem service
delivery ceases. In the model cultural ecosystem service delivery has not been quantified,
while it is recognised as being important and may be influenced by herbivory, responses are
likely to be highly variable and are not well understood (@taal., 2006; Garcia Rodrigues

et al., 2017). Figure A hypothesises that a balanced system will maximise the broadest range

of ecosystem services. While some individual services may peak in either seagrass dominated
systems (e.g., nursery habitat and sediment trapping) and othersbivotee dominated
systems (e.g. tourism), the presence of intermediate levels of biomass and higher diversity of
both seagrasses and herbivores ensures that the greatest number of services will be provided
by this balanced state.

Ecosystem service interacbns

Ecosystem services can interact with each other as they respond to pressure. Where people
and seagrass interact, there are many todfideand synergies in service delivery (Arthetr

al., 2013; Bas Ventin et al2015; Garcia Rodrigues et,a2017) For example, an increase in

both large herbivore numbers and seagrass biomass beyond a threshold value is unlikely, so
services associated with herbivores will increase, while those associated with seagrass habitat
decrease, resulting in a trad#: Syneggies may also occur but are poorly understood in

relation to herbivore pressure.

Understanding interactions and traafés in a seagrass meadow and making them explicit is
imperative for predicting future changes in delivery, traffe and outcomes of magement
decisions(Mouchet et al, 2014) Even weHintentioned measures can have unintended
consequences, or perverse outcomes. Implementitgkeomarine protected areas (MPAS)
can result in higher local intensities of fish herbivory and consumptiseagfrass production
(Alcoverro and Mariani, 2004) MPAs designed to protect green turtles, can cause
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aggregations that overgraze the seagrass and lead to meadow collapse (Chest@nen
2014) This effect may be exacerbated if declines in top preslébat control green turtles
allow green turtle populations to exceed historical numbers (Burkh@teal, 2013;
Heithauset al, 2014) However, green turtles are threatened in tropical seagrass areas and are
at high risk of climate chaneggssociated eclines(Fuenteset al, 2011) creating a tradeff

in potential management priorities.

A pathway for effective management of herbivores, seagrasses and their

services

Conservation practitioners and managers can use many legislative instruments to protect
seagrasses and their herbivores. These can be global, national or local in scale and with
different objectives; i.e. to protect a certain area, a given species or ecosystem type. This
range in scale and scope mean that differing pieces of legislatioat ddways work well
together. Management actions can have local consequences, or affect services that have
global implications, such as carbon sequestration. To conserve tropical seagrasses and the
services they provide, a holistic approach is needed and, to avoid any unconscious bias
influencing decisions, weightings should be made explicit. With an awareness of all the
interactions at play, we can understand the impact of management decisions and how best to
achieve objectives sustainably and across different scales (Agteaha?2015)

Management actions will generally prioritise a given set of ecosystem services, which will
then require a different seagrass community structure as shown in Figute®ever the
variation in seagrass properties and associated services will depend on the types and numbers
of herbivores present. Simultaneous multiple benefits could potentially be maximised with
minimal impact on the desired set of ecosystem services, by managing for a balanced system
(Figure 21). Management decisions that shift systems to either seagrass or herbivore
dominated are likely to produce tradf#fs across a range of services. Where management
decisions are skewed away from the maintenance of a balanced system, undesirable outcomes
for some ecosystem services are possible and, in the-eamestscenario, complete collapse

can occur. For example, if services such as sediment trapping are a priority, managers may
wish to aim more towards a seagrdssninated state, however trad#s will occur in some

other services as a result and should be factored into management decisions. Managing for
the balanced system will likely maximise biodiversity benefits, which are a ¢lohkd

target. Despite this, a balanced system may not reflect the commusittgsdfor seagrass
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ecosystem service priorities, a critical component in any management framework (Figure
2.2). While Icontend a balanced system is likely to be the most sustainable in the long term,
managing for other states is possible angrdvide theframework for understanding the
consequences of these through the interactions of management decisions with seagrasses,
herbivores and their controls in Figur&2The states shown in Figurel2are not separate
groups, but are on a continuum such thahagers can aim towards a system which is more
seagrass or herbivore dominated depending on their ecosystem service priorities and the local

community priorities.

Knowledge of the complex interactions between herbivores, seagrasses and delivery of
ecosysten services is required to achieve balanced systems or other desired management
outcomes and the consequences of these. Figure 2.2 highlights the critical precursors and
major pathways and interactions to consider in the tropics for effective management of
seagras$erbivore interactions. This figure illustrates how interactions between herbivores
can alter seagrass properties and modify ecosystem service delivery, but also illustrates the
top-down and bottorup factors and management pathways which canenfle ecosystem
services. Where possible, it is desirable to assess the relative importance of interactions and
to incorporate them into management processes. Predicting all interaction outcomes is
impossible, but understanding patterns in interaction outcomes can provide guidance to
managergCoté et al, 2016) Conserving seagrass meadow fauna in the tropics requires
targeted management, especially given the overexploitation of these animals, and of
herbivores in particular, with many populations stillnarable or endangered (Jacksdral,

2001; Unsworth and Cullen, 2010)
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Figure 2.2: The interactions in a seagrdsrbivore system for managers and researchers to consider,

to maintain a balanced system. Different herbivores interact with each other to modify seagrass
properties and ecosystem services which depend on herbivore numbers, herbivore numbers are
determined by toglown controls. Management measures can be dictated by global policy and can be
national or local/community based. These measures which control human activities will influence
seagrass properties, herbivores and ecosystem services and will in turn be influenced by the relative
importance of the various community values and importansystem services. Seagrass extent is
determined by productivity, species and biomass as well as boftaontrols, this influences both

the ecosystem services provided and the number of herbivores feeding. Ecosystem services are
influenced by seagrass extent, herbivores and management measures and require human inputs for
benefits to be realised.

To design effective, balanced managemengamnan understanding of the consequences of
management decisions directed in favour of a particular service, agr@sarnf the elements

detailed in Figure.2 is required. These involve:

1) understanding the desirable management outcome and community aath@saking

their perceived relative importance explicit;

2) evaluating potential undesirable outcomes for the enwiesnt and local community

including possible tradeffs;

3) identifying topdown and bottorup controls in the system that can be manipulated by

management actions; and

4) monitoring seagrass ecosystem services and adapting management plans accordingly.
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Enabling sustainable management of tropical seagrass ecosystem services requires critical
research gaps on how plamrbivore interactions shape ecosystem service delivery to be
addressed. In particular, research is needed to understand how:

1) different herbivore gie classes interact to structure seagrass meadows.
2) ecosystem services interactr@sponse to herbivory pressure.
3) the local community values the relative importance of the toéide-

4) management actions help to realise benefits of incorporating commahugsvinto

actions, especially with regard to cultural services.

Conclusions

| contend that a balanced system that promotes diversity of plant and herbivore assemblages
is likely to be desirable for sustaining and maintaining delivery of multiple seagrass
ecosystem services as shown in Figure 2.1. Seagrass communities are complex systems with
potential for poor outcomes wve fail to understand the interactions, trawfés and
unintended consequences that can occur. Figure 2.2 highlights the pathwaysdgensdo

be aware of, and to act through, to maximise opportunities to achieve desired outcomes for
seagrasses, herbivores and ecosystem services. Seagrass ecosystem services in tropical
meadows are poorly understo@duiz-Frau et al, 2017) and there are research gaps in
relation to herbivore activity that need to be addressed, in addition to the more general
seagrass ecosystem services research gaps identified in Noetllah@2017) A focus on

cultural ecosystem services will allow a more informative valuation of the social, economic
and ecological benefits of tropical seagrass systems. It is clear that herbivory is a major
structuring influence in tropical seagrass systems and needs to be considered alongside
traditional “seagrass only” focused assessments for effective management of these critical
habitatsand their services. Many of ngonclusions are based on hypothetical relationships
derived from theory or temperate seagrass systems. Nevertheless, as well as a guide to
management decisiotssel on current knowledge, nfyamework is useful to show critical

areas for future research.
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Chapter 3

Herbivory has a major influence on structure and condition of a

Great Barrier Reef subtropical seagrass meadow

Chapter 2 highlights the impacts of herbivory on seagrass meadows and the potential
interactions between herbivore groups in structuring seagrass meadows. In this chapter |
investigate how the herbivore community as a whole can structure-teopidal seagrass

meadow in Gladstone, Queensland.

This chapter is published in Estuaries and Coasts in the Special Issue: Sedgiaste o

Susan Williams:

Scott, A. L., York, P. H., and Rasheed, M. A. 2@2 Herbivory has a major influence on
structure and condition of a Great Barrier Reef subted@eagrass meadow®stuaries and
Coasts 44, 506 — 521https://doi.org/10.1007/s12237-020-00868-0

All authors helped to conceive the design of this experiment, ALS led all fieldwork activity
with assistance from PHY and the Seagrass Ecology Lab team. ALS conducted all lab and
data analysis with assistance from Seagrass Ecology Lab staff and volunteers. ALS prepared

the manuscript with comments from MAR and PHY.
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Abstract

Grazing by all membersf@ herbivore community can act to structure the ecosystems they
feed on. The outcome of this grazing pressure on the plant community also depends on the
interaction between the different herbivore groups that are present. | carried out a three-
month multifevel field exclusion experiment to understand how different groups of
herbivores act both individually and interactively to structure a subtropical seagrass meadow
in the Great Barrier Reef. Megaherbivore grazing had the largest impact on this seagrass
meadow, significantly reducing aboveground biomass and shoot height, whereas there was no
measurable impact of mesor macroherbivores on seagrass metrics or epiphyte biomass.
Megaherbivores here grazed broadly across the meadow instead of targeting igrane

area. The principal seagrdssrbivore dynamic in this meadow is that megaherbivores are the
main group modifying meadow structure, and other grazer groups that are present in lower
numbers do not individually or interactively structure the meadbwlemonstrate that
herbivory by large grazers can significantly modify seagrass meadow characteristics. This has
important implications when designing and interpreting the results of monitoring programs
that seek to conserve seagrass meadows, the ecosystem services that they provide, and the
herbivores that rely on them. Collectively my results and those of similar previous studies
emphasize there is unlikely to be one seagrass and herbivory paradigm. Instead, for
individual meadows, their unique speciateractions and differences in biotic and abiotic
drivers of seagrass change, are likely to have a strong influence on the dominant-seagrass
herbivore dynamic.

Introduction

Seagrass meadows are some of the most productive ecosystems in the marine emtyironm
providing a food source for a range of herbivores as well as a suite of other ecosystem
functions and services (Heck and Valentine 2006; Nordlund eP@16) Grazing by the
herbivore community can structure seagrass meadows. The impact of thng gegzends on

the numbers and types of herbivore present, and how these different herbivore groups interact
(Scottet al, 2018; Chapter)2 The community of herbivores that graze in seagrass meadows

is diverse in terms of the species, body sizes and foraging strategies used, that result in a
range of alterations to seagrass meadow structure. These herbivores can be classified based
on their size; mesoherbivores include the small invertebrates that live and feed in the seagrass
meadow, macroherbivores inde fish and urchins that forage in the meadow, and
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megaherbivores are the largest grazers that consume significant amounts of ffwwiies (
al., 2018; Chapter )2 Grazing by each of these herbivore groups will modify the seagrass
meadow in ways thatao affect the other grazer groups and will influence the cumulative

impact that all grazers have on the meadow (Ebrahiah 2014; Bessey et a2016)

Mesoherbivores are the small invertebrates (e.g. amphipods, isopods and gastropods) that
generally grae on the epiphytic algae that grow on seagrass leaves (Orth and Van Montfrans
1984) but can also graze on the seagrass leaves themselves (Beeatle3008; Lewis and
Anderson 2012; Rossimt al. 2014) Mesoherbivore control of epiphyte loads oagass

leaves can be important to maintaining meadow health, by mitigating against negative
impacts of excess nutrients, that can lead to reductions in seagrass biomass étHaghes
2004; Myers and Heck 2013; Reynolds et @014) Some mesoherbivordsed on the
seagrass itself and can cause significant damage to leaves by feeding and burrowing into
leaveqBrearley et al. 2008; Lewis and Anderson 2012; Rossini €2@14)

Macroherbivores fall into two main groups, fish and sea urchins. Fish graze by taking bites
out of seagrass leaves and sea urchins graze by shredding off parts of the leafefT&layer
1984) Grazing by fish can have dramatic impacts on meadow structure, reducing shoot
height and aboveground biomass (Tomal, 2005; Pagestal., 2012) impacting meadow
establishmen{Besseyet al. 2016)and can greatly exceed daily seagrass productivity (Holzer

et al, 2013) Sea urchins can dramatically overgraze seagrass meadows in areas where their
populations have increased rapidly ndividuals aggregate (Ekldt al, 2008; Langdon et

al., 2011)

The largest herbivores that forage in seagrass meadows and consume significant amounts of
seagrass biomass are the megaherbivores (e.g. turtles, sirenians and waterfowl).
Megaherbivores can reduce structural complexity in seagrass meadows by decreasing;
aboveground biomass, shoot density, shoot length and shoot width (Preen 1995; Aragones
and Marsh 2000; Fourqurean et,a&010) Megaherbivory can also modify the species
composition of seagsa meadowgPreen 1995; Aragones and Marsh 2000; Hearne gt al.
2018) The intensity of herbivory can either stimulate seagrass meadow productivity
(Aragoneset al, 2006; Christianen et al2012) or cause productivity decreases and the
production of fever, shorter new leaves in some mead@usper-Linley et al, 2007; Kelkar

et al, 2013; Johnson et al2019) In extreme cases, overgrazing by green turtles can lead to
meadow collapse, as shoots become progressively narrower and thinner in response to

grazing(Fourqgurearet al, 2010; 2019) Green turtles can focus their grazinga small area
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to form ‘grazing plots’ where they continually graze the nutrient rich regrowth and
significantly reduce aboveground biomass in a small part of the meadow @jd:9fD;
Williams 1988; Moran and Bjorndal 2005; Moliiéernandez and Van Tussenbroek 2014;
Scottet al, 2020; Chapter 4 Dugongs and manatees consume both above and belowground
biomass as they form feeding trails through a meadow (Metrsdd, 1982; Preen 1995;
Lefebvreet al, 2000) whereas green turtles only crop the aboveground material, except for
rare occasions where they have been observed feeding on belowground rhizomes
(Christianeret al, 2014; Scott et al.2020; Chapter 4

All three of these herbivore groups may be foraging in seagrass meadows concurrently, so
their individual impacts will interact to produce overall outcomes on meadow structure. Such
changes to the structure of a seagrass meadow can influence the food web it supports. For
example, less structurally complex meadows support smaller fish in a lower abundance (Jinks
et al, 2019) and provide less settlement substrate for larvae (Thetyat, 1984) So, as
herbivores feed and change meadow structure, they modify the suitalbitihe seagrass
meadow as a habitat and foraging ground for other herbivores, and even for themselves.
These interactions can be seen between different herbivore groups, such as megaherbivore
feeding on aboveground seagrass biomass reducing infaunatebrate community
abundancgSkilleter et al, 2007; Johnson et al2020) Interactions also occur within a
herbivore group, such as grazing by fish increasing predation risk to sea urchins in the same
meadow (Pagést al, 2012) We currently have a liied knowledge of how interactions
between herbivore groups may play out to produce meadow scale outcomes in seagrass
meadows, particularly in tropical and subtropical areas where large populations of
megaherbivores are present.

Seagrass meadows where grazing causes reduced structural complexity can still function as
part of a healthy seagralerbivore system. Throughout their evolutionaistdry, seagrasses

were grazedy a more abundant and diverse population of megaherbivores, and much of the
seagrasgroductivity would have been consumed by herbivores (Domning 2001). Whereas in
many seagrass meadows today, human exploitation has reduced numbers of large grazers,
and a large proportion of seagrass productivity enters the detrital food chain (Jacklson et
2001; Vvalentine and Duffy, 2006). Megaherbivores rely on seagrass as a food source, but
seagrass meadows may also rely on megaherbivory to some extent (e.g. removal of detrital
matter and dispersal of seagrass seeds), and seagrass declines in Quesnglhave, in

part, been caused due to the colonial overexploitation of megaherbivores (Jackson, 2001,
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Thayeret al, 1984, Tolet al, 2017). These beneficial impacts of megaherbivory on seagrass
meadows will not occur if megaherbivores are able to overgraze seagrass meadows. In the
modern ocearwhere predator numbers are declining and green turtle conservation measures
have been successful, tdpwn control on megaherbivores is reduced, allowing them to
overgraze meadows to the point of collapse in some locations (Arthur ,ePCdl3;
Christianeret al, 2014; Fourqurean et aR019). In grazed seagrass meadows with predators
present, a low biomass seagrass meadow can indicate a healthy deadpiaese system,
however where there are no predatorspther stressors present, a low biomass meadow

could indicate an ecosystem heading towards collapse (Heithaus2é€xil).

The Great Barrier Reef (GBR) contains extensive, diverse seagrass meadows that support a
highly diverse community of herbivoregith many different foraging strategiééragones

and Marsh 2000; Coles et aR015; Scott et al.2018; Chapter )2 The epiphytes in GBR
seagrass meadows can form an important food source to food webs etJiaks2019)
however we know little abouhé role of the mesoherbivores that consume these epiphytes in
GBR meadows. Mesoherbivory on epiphytes can be significant in some subtropical seagrass
meadows and can control epiphytes in the tropical GBR (Myers and Heck 2013; Ebrahim et
al., 2014, Hoffmannret al, 2020) although this is not as well understood as in temperate
environments(Baden et al, 2010; Reynolds et gl.2014; Duffy et al. 2015) While
macroherbivory can be significant in temperate and tropical seagrass mebaiswsithet

al., 2007; Pagéset al, 2012) this has not been studied in the GBR. The role of
mesoherbivory is generally well studied in temperate seagrass meadows but has received
little attention in the tropics. Conversely, studies on megaherbivory are more common from
the tiopics. This difference in attention does not rule out that each of them may be
fundamentally important in tropical locations (see reviews by Kollars e2@17 and Orth

and Van Montfrans 1984). There are large populations of megaherbivores in the GBR, bo
green turtles Chelonia mydgsand dugongsQugong dugon) graze on seagrass meadows
throughout the GBRMarshet al, 1982; Limpus 2008)The diversity of both herbivores and
seagrasses in the GBR, and their long evolutionary history together, makes tldeal

environment to investigate plaherbivore interactions on the community scale.

In this chapter| examine how different groups of herbivores can structure intertidal seagrass
meadows and identify the potential interactions between the exchiskarbivore groups in
structuring meadowsl carried out a mukievel field exclusion study in an intertidal

subtropical seagrass meadow in Gladstone Harbour in the southern GBR. This study adds to
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our understanding of how herbivore groups interactriecire seagrass meadows in an area
where significant megaherbivore feeding is known to o(Rasheeckt al, 2017; Limpus et
al., 2018; Chartrand et al2019).

Material and methods
Study site

Manipulative field experiments using treatments to excluetbitores were carried out in an
intertidal seagrass meadow at South Trees in Gladstone Harbour, Queensland, Australia
(23°51.5'S, 151°19.4°E) (Figurd.1). The seagrass meadow at South Trees has a continuous
cover of ~153ha and is dominated by low biom&estera muelleri sspcapricorni with
someHalodule uninervisand Halophila ovalis also present in the mead{@hartrandet al.

2019) My study site was dominated by over 95% Z. muedisp.capricorni with H. ovalis

making up a small component of thedenstory in parts of the meadow. The seagrass
meadow here has been found to support a unigue community of fish and form an important
base of the food web in the harbq@onnolly et al. 2006) Gladstone Harbour has large
populations of green turtles and dugsiag well as other herbivore groups (Conneityal.

2006; Rasheed et &017; Limpus et al2018).
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Figure 3.1: Map of study location showing all three sites and an example of the experimental layout
at each site

Experimental design

Herbivore exclusion cages and chemical deterrents were deployed at three sites within the
same seagrass meadow at South Treesirggyl). Sites were 100m apart and all sites were

the same tidal height on the mud bank ame exposed for-3 hours on low spring tides
(<0.9m). Exclusions were set up for three months betwegAdust and 1% November in

2017 during the active growing season for seagrasses in the region (ChettehrzD16)

Each herbivore group was excluded using a different method and these exclusions were
combined to understand interactions among groups (summarised in iguré chemical
deterrent was used to exclude mesoherbivores, slow release plaster blocks with 7.5% carbaryl

were deployed and replaced every two weeks (Pebet. 2009) These were attached to a
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peg and covered in chicken wire to prevent them being ingested by other organisms. To
excluce macroherbivores, a modified 1m diameter xn0.&igh crab pot was used
(macroherbivoe cage), this was covered in 10mm monofilament mesh. Steel cages 2m x 2m
x 0.5m with a 20 x 20cm mesh were used to exclude megaherbivores. These plots were
compared to control plots (0.5)rand a procedural control. For the macroherbivore cage this
was a frame with no mesh (macroherbivore frame) and for the carbaryl blocks, plaster blocks
with no carbaryl added were used. There were eight treatments in total (control, plaster,
carbaryl, macro frame, macro cage, macro cage plus carbaryl, mega cage and melga cage p
carbaryl), every site had three replicates of each treatment, giving a total of 9 replicates of
every treatment across all three sites.

Plots were arranged in a 6 x 4 grid, with a 2.5m gap between each ploe@:it), meaning
the experimental area of a site was 15.5 x 9.5m. Treatments were divided equally between
each site and within a site treatments were allocated randomly to a plot on the grid.

To minimise the impacts of cages on light reaching the seagrass meadow, macroherbivore
cages were swapped out and replaced with adagas every two weeks, and megaherbivore
cages were cleaned of any fouling growth at this time. Benthic light measurements reaching
the seagrass canopy were taken inside a control plot, a macroherbivore cage and a
megaherbivee cage using E F-Bovréo@dl irradiance loggers (Submersible Odyssey
Photosynthetic Irradiance Recording System, Dataflow Systems Pty. Ltd., New Zealand)
calibrated using a cosine correctedQar underwater quantum sensor -I90SA; LiCor

Inc., Lincoln, Nebraska USA) and corrected for immersion using a factor of 1.33 (Kirk,
1994). Loggers measured photosynthetically active radiation (PAR) and recorded readings
every minute for a full twaveek tidal cycle, these readings were used to measure tivyal da
light (mol photons M day!) reaching seagrasses in each treatment. Temperature was
measured in the same treatments throughout the experiment (Thermodata Pty Ltd,
Melbourne, Australia).
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Figure 3.2: Treatments used to exclude each herbivore group individually and interactively with
procedural control treatments outlined in green.

Sampling

Measurements were taken from every plot to record shoot height and aboveground biomass at
the start and end of the experiment. Three shoot height measurements were made in each plot
in the field, by grasping a handful of seagrass leaves and measuring the shopigleoidtig

the longest 20% (Duarte and Kirkman, 2001). Photos were taken from plots to estimate
abovegrond biomass (Mellors 1991; Rasheed 2004; Rasheed and Unsworth 2011)

At the end of the experiment, a 15cm diameter core was taken from each plot to measure
belowground biomass and epiphyte load. Mesoherbivores were sampled from every plot at
the end of the experiment by passing a sharpened metal plate underneath a 15cm core at
sediment level, this core was enclosed with a 500um sieve, seagrass material and associated
fauna were rinsed and drained in the sieve before being frozen. Seagrass cores were
processé in the lab by defrosting samples and separating the above and below ground
biomass where the leaf meets the rhizome. Seagrass biomass samples were dried in the oven
at 60gC for 10 days and then weighed, two weights were taken to ensure samples had fully
dried. Epiphytes were scraped from all wet leaves in a tray using a microscope slide, these
were sieved through a 125um sieve to isolate the epiphytes from the larger tray and dried in
the oven at 6@C for three days, epiphyte weight was starstaldo tle dry weight of

seagrass in the core. Mesoherbivore samples from plaster, carbaryl, macroherbivore cage and
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macroherbivore cage plus carbaryl treatments were processed by rinsing seagrass through a
1.4mm and 500um sieve in the lab, all potentially grazmwgrtebrates were separated and
identified to morphologically similar groups within an order or class based on key features

that could be observed under the microscope.

To characterise the herbivorous fish present in this meadow, data were obtaineithksoet J

al. (2019). This study used a beam trawl with a 2mm meshnplsdive trawls at mypouth

Trees meadow in the growing season of 2016. These trawls were undertaken at night while
drifting at a speed of 2 knots maximum and all animals were idehtiieunted and

measured (see Jinks ef.&019).

Statistical analysis

Data were analysed to look at relationships between caging treatments and interactions
between herbivore groups using a generalised linear model (GLM) with a Gaussian
distribution. The response variables; change in aboveground biomass, change in shoot height,
belowground biomass, mesoherbivore abundance and epiphyte load tested individually in the
GLM. Change in aboveground biomass was the difference in aboveground biomass based on
rank from photos for each plot from the start and end of the experiment. As multiple shoot
height measurements were taken from each plot at both sampling intervals, these were
averaged for each sampling time to provide a single value for each plot to catbelate
difference between the beginning and end. For all GLM analyses, residualgaptbtg of
normalised residuals of the model were inspected for heteroscedasticity amolr naity.

To test for interactions between the three key herbivore groups aegbense variables,

three new factors were added to the data (“Mega”, “Macro” and “Meso”), these variables
were dummycoded for each replicate. Where the herbivore group were excluded in a
treatment, the variable was assigned a 1, and where the herbivore group could feed a 0 was
assigned. These dumrepded variables were included in a thvesy interaction in the GLM

to test for their effect on change in biomass, change in shoot height, belowground biomass
and epiphyte load. The interactions between Meso:Macro and the three way interaction
between all groups could not be evaluated, as it was not possible to design a field treatment
which allowed megaherbivores to graze but excluded macroherbivores, therefore this

combination could not be analysed.

To look for differences in response variables between factors, a GLM was carried out with
both site and caging treatment included as fixed factors. As only three sites could be set up
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within the meadow due to logistical and time constraints, this did not providaylerevels

to include site as a random factor (Zetiral, 2013) Therefore site was included as a fixed
factor in the GLM to avoid imprecise estimates of a mixed model with limited levels of a
random factor. The MuMin package was used to dredge alllroptiens and find the most
parsimonious model that was within two points of the lowest AIC valeD U W R VLW
did not have a significant effect on any variable so was not included in the final model. An F
test was used to determine the significance of each variable in thét lbestiel using the
anova() function in R. Pos$toc analysis was colucted to compare treatment groups using a
Tukey test in the emmeans package (Lenth 20¥8}tivariate analysis was used to look for
changes in the mesoherbivore community species composition using the vegan package
(Oksaneret al. 2019).

To test for diferences in abundance between mesoherbivore groups, a two way ANOVA
including both site and treatment was carried out for each group. Multidimensional scaling
was used to create an ordination plot and visualise differences between mesoherbivore
communities in different treatments Two dimensions were used to create the
multidimensional scaling plots as this gave a stress value close to 0.2, the stressplot() function
was used to check the ordination gives a successful summary of the relationships. Statistical
analyses were conducted in R v.3.5.2. (R Core Team z20tBmodel outputs were plotted
using ggplot2 (Wickham 2016) and the ordiplot function in the vegan padR#tgrences in
mesoherbivore assemblages among exclusion treatments (fixed effect) were analysed based
on Bray Curtis distance matrices with 999 permutations using permutational multivariate
analysis of variance (PERMANOVA)Afderson, 2008). PERMANOX was performed

using the PRIMER/6 statistical software package.

Results

At the end of the thremonth experiment, there was a visible change in seagrass inside cages
that were protected from grazing, compared to the grazed meadawe(Big). PAR and
temperature data show these were not reduced inside cagase(Big). Excluding
megaherbivores increased aboveground seabgi@sgmss and shoot heights (Fig#.&) over

the threemonth exclusion experiment, however there were no additional detectable impacts
of macroherbivore or mesoherbivore grazing, or interactions between these groups, on these
seagrass metrics. There was no impact of herbivory on belowground seagrass biomass
(Figure 3.5). Both mesoherbivore numbers and epiphyte load were very lovs aitthand
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the addition of carbaryl did not significantly further reduce numbers of mesoherbivores
(Figure 3.6). There was no difference in epiphyte load under any of the exclusion treatments
(Figure 3.6). For all variables analysed, no effect of site detected when all model options

were dredged, so treatment was the only variable included in the final model.

Beam trawls showed that the key resident herbivorous fish present at this meadow were
Siganus fuscescenthese made up a major component of fitle community at this site,

however only smaller indiduals were found between3tm and numbers were low (see
Table A.1).

Figure 3.3: Differences between seagrass plots inside and outside of cagesatl thf the
experiment in macroherbivore exclusion cages (a) and (b) and megaherbivore exclusion cages (c),
megaherbivore feeding was observed at the site with recent dugong feeding trails observed (d)

Logger data (Figur8.4) shows minimal reductions kight in both cage treatments across the

full tidal cycle and light remains well above the 6 mof ai! thresholdZ. muellerissp.
capricorni requires at mytudy site (Chartrand et aR016). The temperature data from the
macroherbivore cage and contpdot (Figure 3.4) show a minimal difference in temperature
between these treatments, where the macroherbivore cage had a slightly higher average
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temperature but the difference between treatments did not exceg@.0Jhfortunatelithe

logger in the medeerbivore cage failed so no data was available for comparison.
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Figure 3.4: Total daily light in control, macroherbivore cage and megaherbivore cage treatments (a),
and average daily temperature in control and macroherbivore cages (b)

Aboveground biomass

There was a difference in the change in aboveground biomass between treatmargs (Fig
3.5) (F = 7.4264 P<0.0001). The interaction analysis showed that the only exclusion to
impact change in aboveground biomass was megaherbivore exclusion (P<0.0001) and there
was no interactiobetween herbivore groups. Post hoc tests showed that the control treatment
had a lower change in aboveground biomass (P<0.05) than all of the caged treatments
(macroherbivore cage, macroherbivore cage plus carbaryl, megaherbivore cage and
megaherbivore cage plus carbaryl). However, the change in biomass in the control was not
different (P>0.05) from the other uncaged treatments (plaster, carbaryl and macroherbivore
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frame). Excluding bth macro and megaherbivores causes an increase in aboveground
seagrass biomass, and the highest biomass values at the end of the experiment (Table A.2),
however this increase is driven by the exclusion of megaherbivores, as the other interaction
treatments do not change this outcome. This experiment was conducted in the growing season
so an overall increase in aboveground biomass would be expected. The only treatments to
have a negative change in biomass were uncaged, particularly the control plotsashmch h
barrier at all to grazing, indicating herbivores were consuming seagrass productivity. This is
supported by the observation of dugong feeding trails at the site during the experiment
(Figure 3.3).

Shoot height

All treatments showed an overall increaa shoot height over the thre®mnth experiment,

which was expected during the growing season, however the control treatment had the
smallest increase in shoot height during this timeui@i@.5). There were no interactions
between herbivore groups in their impact on shoot height and the interaction analysis showed
the only group where exclusion impacted shoot height was the megaherbivore exclusion
(P<0.001). There was a difference in the change in shoot height between treatments (F
9.542 P<0.0001)The post hoc test showed the treatments that excluded megaherbivores had
a greater increase in shoot height than the uncaged control and there were no differences
between the macroherbivore and megaherbivore cages, indicating that there was no additional
impact of macroherbivory to overall seagrass changes, also shown in the interaction analysis.
The partially caged procedural control was similar to both the control and
macroherbivore/megaherbivore caged treatments, indicating the procedural control had some

impact on herbivory, likely due to deterring megaherbivores to some extent.

Belowground biomass

There was no effect of treatment on belowground biomassiréF8)5) (= 0.6871 P =

0.6825) and there were no interactions between exclusion types detBetedground
biomass sampling is destructive so was not measured at the start of the experiment, so there
may be some spatial differences across the site. However, the lack of pattern between
treatments is still very evident with all of the mean valuesiéen 100 and 120 gDW/m
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Figure 3.5: Change in aboveground seagrass biomass (a) and shoot height (b) in treatments from the
start of the experiment in August to the end in November and belowgrounddsi@nthe end of the
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+/- 95% confidence intervals. The diamond indicates the control plot, circles indicate
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Epiphyte load and mesoherbivores

Both the numbers of mesoherbivores and the epiphyte load were uniformly very low across
all treatments with no treatment effects on either variable detected in the three months of the
study. There was no difference in total mesoherbivores in the treatments sampted (F
0.6085 P = 0.6144) (Figurd.6). There was no shift in the mesoherbivore community
detected using PERMANOVA (psdoR = 1.1369, P = 0.298) or observed in the
multidimensional scaling ordination plot, where all groups had a high degree of overlap (see
supplementary information). The only mesoherbivore group to differ significantly in
abundance in treatments was Cumacea=R.233, P<0.05) where abundances in the
macroherbivore cage were higher than the plaster block treatment (P<0.05). There was a
trend of lower numbers of mesoherbivores in the carbaryl treatmentsgBi@), indicating

the carbaryl was having sonadfect of excluding them. There was a consistent trend of
lower abundances of isopods in both carbaryl treatments, and the carbaryl treatment had
lower numbers of amphipods than other treatments, however the patterns are mixed in the
other groups. The ptection provided from predation by the macroherbivore cage, which also
excluded the fish that prey on mesoherbivores, did not cause an increase in mesoherbivore

numbers compared to the uncaged plaster.

There was no difference in epiphyte load between treatmentsréB3d) (= 0.8784 P =
0.5283) and no interaction between exclusion types affecting epiphyte load. The epiphyte
load present at this time of year at this site was overall very low, and as mesoherbivore

numbers were also very low, a dramatic change in epiphyte biomass is unlikely.
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Discussion

Grazing by megherbivores had a significant impact on overall seagrass meadow structure for
this subtropical seagrass meadow. Exclusion of megaherbivores resulted in increases in
seagrass biomass and shoot height at all sites over thartbrgle-experiment. The foraging
strategy used by megaherbivores in this location did not appear to target small areas by
forming grazing plots, instead there was general browsing across the whole meadow with all
sites being similarly impacted. No interactions between herbivore groaps detected,
possibly because they were insignificant over and above the large megaherbivore impact, due
to the low numbers of mescand macroherbivores present at this site, or because
megaherbivore grazing modifies the meadow to an extent where it is less attractive to fish
and invertebrates as a habitat and foraging ground (Skidetdr 2007; Arthur et al.2013;
Johnsoret al, 2020)

Grazing impacts to seagrass caused by megaherbivory were detected across all three sites in
this seagrass meaaoMy field observations indicated that the grazing impacts to seagrass
characteristicd detected were found across the whole meadow including, between and
around the sampling locations. Megaherbivore grazing reduced seagrass complexity by
decreasing both aboveground seagrass biomass and shoot height, but belowground biomass
remained unaffected despite dugong feeding trails that excavate rhizome material observed at
the site. Such dramatic losses of aboveground seagrass biomass to megaherbivore grazing
have been documented in other locations (Preen 1995; Aragones and Marsh 2000;
Fourqurearet al, 2010) in some cases also causing reductions in belowground biomass
(Preen 1995)The threemonth timeframe of mgtudy may have been too short for the full
effects of reduced grazing pressure inside cages to result in an increase of belowground
material, with perhaps the initial response of the plant channelled into the rapid expansion of
aboveground photosynthetic material (Aragones and Marsh 2000; Christiahegr2@12) A

longer period without grazing pressure may have allowed the accumulation of more

belowground material inside exclusion cage plots.

Meadowscale grazing in Gladstone has been indicated in previous work where dugong
feeding trails were observed throughout the year across the entire meadow agesaateth
South Trees meadow as mstudy, and green turtles were also observed across the whole
meadow (Rasheest al, 2017; Limpus et aJ 2018) My results show that megaherbivores in
Gladstone do brogse over the entire seagrass meadow without forming grazed plots and
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cultivation grazing, as has been observed in other locations (Aragbaés2006;Molina-
Hernandez and Van Tussenbroek 20ihd)uding elsewhere in the GBR (Scettal, 2020;
Chapter4). This general browsing behaviour thabtdserved has been documented in other
seagrass meadows for both green turtles consuming a preferred species across a meadow
(Williams 1988)and dugongbrowsing across a meadow (Tatlal, 2016)

Macroherbivores were present in this meadow, as evidenced by small fish bite marks
observed on some of the leaves in the meadow and the presence of juvenile Siganus
fuscescens: beam trawl samples at nsyudy meadow by Jinks et.gdR019) Table A.J).
However, there were no differences in seagrass between the macroherbivore excluded
treatments and the megaherbivore cages, which allowed fish access and no other interactions
between exclusion types. This showed that the increases in seagfasedl in the
macroherbivorexclusion treatment were principally due to the coincidental exclusion of the
megaherbivores. There could be a range of reasons for the lack of additional effect from
exclusion of macroherbivores, but it is possibly a combination of the overwhelming iofipact

the larger megaherbivores at the site and the relatively low numbers of macroherbivores
present.

Gladstone Harbour is important for recreational and commercial fishing (Coretodl,

2006) which may alter macroherbivory pressure. In other locatifisised areas have more
herbivory by urchins than fish, whereas unfished areas had macroherbivory by both fish and
urchins(Alcoverro and Mariani 2004)Urchin grazing can have significant negative impacts

on seagrass meadows (Eklef al, 2008) however at this site there were no urchins
observed, nor any distinctive urchin shredding on seagrass leaves. Macroherbivory intensity
is dependent on the availability of seagrass (Unswairgth, 2007) which could explain why

in this lower biomass system, maleobivory levels are lower, compared to other systems
where macroherbivory is a significant top down pressure (T@&mnas, 2005; Unsworth et

al., 2007; Pages et ak012; Swindells et g12017)

In my study site the seagrass shoots were smath narrow leaves (around-8mm wide)

and as such megand macroherbivory was likely to result in complete shoot removal, rather
than smaller damage to leaves, such as bite marks commonly observed in studies of larger
growing seagrass. This was realised in significant change noted in both aboveground
biomass and shoot heights and the rarity of bite marks being observed on leaves. Herbivory
can of course impact other seagrass metrics, for example by reducing shoot densities,
selectively grazing one speciesjodifying meadow productivity or altering leaf width
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(Aragones and Marsh 2000; Lat al, 2010; Ebrahim et gl.2014). While these were not
directly measured as part of ragudy, it is possible inay have picked up such changes with

longer term removal dferbivory pressure.

Both the epiphyte load and mesoherbivore abundancesyatite were very low when
comparedo other studies, across all nngatments, including those where mesoherbivores
were not manipulated (Coa#t al, 2011; Myers and Heck 2013pEahimet al, 2014).So

any changes in epiphyte biomass or mesoherbivore abundances between treatments would be
difficult to detect if they occurred. As a resultdid not detect any effect of excluding
mesoherbivores on epiphyte biomass, whichelieve is overwhelmingly driven by this
seagrass meadow not supporting substantial epiphyte growth, and consequently, very low

numbers of mesoherbivores.

It is possiblemy chemical deterrent may have had only limited effectiveness, as the majority
of studies with have found strong epiphyte control by mesoherbivores were carried out in
temperate meadows (Whalehal, 2013; Reynolds et al2014; McSkimming et al.2015).
However this relationship has also been observed in other subtropical seagrass meadows
(Myers and Heck 2013; Ebrahiet al, 2014) Excluding mesoherbivores does not always
result in increases in epiphyte load though, in a temperate algal bed, exclusion of amphipod
grazers did not increase epiphyte load (Postreal, 2009) and responses in t@erate
seagrass meadows can vary depending on seagrass speciest{@hoR011) | did not

detect a shift in the mesoherbivore community in response to carbaryl treatment, and
althoughl detected a reduction in mesoherbivore numbers, this was noticsighiso the
carbaryl may not have been effective enough in this intertidal environment with strong tidal
currents,even though lemployed the established method of administering the carbaryl
deterrent in other studies (Poore ef 2009; Cook et a).2011; Whalen et gl12013; Ebrahim

et al, 2014) This is similar to the findings of Myers and Heck (201@)o found no effect of
carbaryl on the mesoherbivore community at a wave exposed site with low numbers of
mesoherbivores present, compared to a protected site. Due to the very low numbers of
mesoherbivores and low epiphyte cover atgitg, my findings indicate that mesoherbivory

may be less significant in this and similar subtropical, intertidal-dpiwhyte seagrass

meadows, particularly where megaherbivores are present.

There were no interactions between herbivores detected at this meadow in Gladstone. This
meadow containdarge populations of megaherbivores, but lower numbers of smaller

herbivore groups. This contrasts with another subtropical GBRIystthat found
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mesoherbivores were having the largest impact on the meadow by limiting epiphyte growth,
whereas macroand megaherbivores were not structuring the seagrass meadow (Eérahim

al., 2014) There could be several mechanisms explaining these results. Megaherbivore
grazing may modify the seagrass meadow to such an extent that the meadow is a less
valuable foraging area for the other herbivore groups. Where megaherbivore grazing creates
low biomass seagrass meadows such asgyistudy, this may reduce the refuges available for
smaller herbivores and leave them more open to predation (Bagks2012) The lack of
interactions between groups may also be due to the low biomass of epiphytes on seagrass in
Gladstone Harbour, epiphytes have been shown to contribute to the diet of smaller herbivores
in this meadow, but there was a switch to a diet of seagrass in larger bodied ahirkadt (

al., 2019). This feeding by smaller herbivores may not be at a high enough intensity to impact
the low epiphye biomass at this sitdhere could also be an impact of megaherbivores
consuming seagrass leaves before epiphytes were able to grow on them, howayer in
threemonth experiment did not detect any change in epiphytes when seagrasses were
released from megaherbivore pressure.-@lown pressure from predation and fishing may
alsoreduce the numbers of macroherbivores within this seagrass meadow, meaning these low

populations do not structure the meadows.

The loss of seagrass meadow structure caused by grazing can modify the valuable ecosystem
services which the meadow provides. The provision of food for herbivores is an important
ecosystem service, however as herbivores graze and change meadow characteristics, they can
also modify the other ecosystem seegcprovided by the meadow (Scett al, 2018;

Chapter 2 Ecosystem services that rely on meadow structure such as carbon storage, fish
nursery habitat and sediment trapping may be diminished in a grazed meadovef(ldeck

2003; De Boer 2007; Atwood edl., 2015) In tropical seagrass meadows with no
megaherbivores, much of the seagrass productivity enters the detrital chagn élL.e2015).

The presence of megaherbivores allows significant amounts of productivity to be exported
from the seagrass mead (Bakkeret al, 2016a Hecket al, 2008)

In Gladstone the consumption of seagrass material by megaherbivores appears to be an
important pathway for the export of seagrass generated primary productivity-dcalge

export of seagrass carbon by megidivores may be a possible explanation for the low levels

of seagrasgenerated blue carbon that have been observed for Gladstone seagrass meadows
(Ricart et al, 2020) diminishing their role in climate change mitigatio@hanges in

structural complexityof a seagrass meadow will alter the structure of the food web that it
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supports(Jinks et al, 2019) Such grazemediated changes in structure have caused lower
fish catches in other locations that have created conflicts between fishers and green turtles
(Arthur et al, 2013).

Not all seagrass ecosystem services will be negatively impacted by herbivore pressure, such
as those related to the presence of more megaherbivores feeding, including tourism focussed
on the presence of charismatic megafauna (Clllesworthet al, 2014) Megaherbivore
excretion can also benefit seagrass meadows by providing a source of nutrients (Bakker et al
20163, however this is less likely to be important in areas that are not nutrient limited such
as Gladstone Harbour (Gladee Healthy Harbour Partnership, 2019). A balanced system
with a range of herbivores may also lead to maximising the widest range of ecosystem
services provided by seagrasses (Scott €2@18; Chapter)2

The relationship between grazers and seagrassesportant for managers to consider as

they monitor habitats and implement management measures. Both macroherbivores and
megaherbivores can aggregate in Marine Protected Areas, resulting in higher levels of
herbivory hergAlcoverro and Mariani 2004; Rdoet al, 2008; Christianen et al2014) If
managers are prioritising the ecosystem services that seagrass meadows provide which rely
on meadow structure, it is important to understand how these change with grazer mediated
changes in meadow structutgnderstanding the plaifterbivore system as a whole is also

key for monitoring programs operating in areas with megaherbivore populations, as
seagrasses are well adapted to cope with megaherbivory, but may exist in an altered state
when grazed (Domning 2001; Jackson 2001; Scott g2@l8; Chapter )2 Most seagrass
monitoring programs that report on or score environmental health are based on metrics of
structure such as high biomass or seagrass cover (Pui®y, 2019) However, because

many of these are modified by grazing, a seagrass meadow can appear unhealthy when
aboveground structures such as biomass and percent seagrass cover are low, but may actually
be part of a healthy seagrdsrbivore system. If grazing exceeds seagrass productivity,
overwhéms belowground reservesr acts in combination with other stressors, it can lead to
seagrass declines, or in extreme cases meadow collapse (Arthyr2etL3d|. Christianen et

al., 2014; Fourgqurean et al2019). Management measures can modify the {blaritivore
interactions, such as botteup controls on seagrasses and-dog/n controls on herbivores

that occur in seagrass meadows. Having more information on these interactions can inform

monitoring and management of both seagrasses and herbivoresstandielg whether a
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seagras$erbivore system is in balance, or becoming overgrazed, is essential to prevent
meadow decline due to herbivory.

In conclusion, megaherbivore grazing can be a significantid@p: structuring influence on
subtropical seagrass awows. By significantly reducing aboveground biomass and shoot
height, megaherbivore grazing can impact the range of other ecosystem services provided by
the meadow. Due to these significant herbivore mediated chasgggéest that tropical and
subtropicasystems should ideally be monitored as a coupled sedudHsisore assessment.
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Chapter 4

Green turtle (Chelonia mydaygrazing plot formation creates
structural changes in a multispecies Great Barrier Reef seagrass

meadow

Chapter 3 showed the ovdrelming importance of megaherbivory in structuring an intertidal
seagrass meadow in an industriadtion. This chapter builds on Chapter 3 by investigating

the impact of megaherbivory within a diverse, shallsubtidal tropical seagrass meadow
locatedwithin a Marine Protected Area on the GBR with large populations of green turtles.
This chapter adds to our understanding of how different megaherbivore feeding strategies can
structure GBR seagrass meadows in different ways depending on the feedind useitho

and documents new grazing behaviours not previously seen in GBR seagrass meadows.

This chapter is published in Marine Environmental Research:

Scott, A. L., York, P. H., and Rasheed, M. A. 2020. Green tu@leglonia mydasgrazing
plot formationcreates structural changes in a majiecies Great Barrier Reef seagrass
meadow Marine Environmental ResearcWol 162. DOI:
https://doi.org/10.1016/j.marenvres.2020.105183

All authors helped to conceive the design of this experiment and assisted with fieldwork,
ALS led all fieldwork activity. ALS conducted all lab and datalysis with assistance from
Seagrass &blogy Lab staff and volunteers. ALS prepared the manuscript with comments
from MAR and PHY.
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Abstract

The Great Barrier Reef (GBR) contains extensive seagrass meadows with abundant and
diverse herbivore populations. Typically, meadows in the region are-spelties amh
dominated by fast growing opportunistic seagrass species. However, we know little about
how herbivores modify these types of seagrass meadows by grazing. | conducted the first
megaherbivore exclusion study in the GBR at Green Island (Queensland) tstamdidrow

green turtle grazing structures these rggitecies tropical seagrass meadows. After excluding
green turtles for three months, we found that grazing only impacted seagrasses at one site,
where green turtles created a grazing plot by activelyirfgedn both above and below
ground seagrass structures, a rare observation for the species. Within this grazing plot at the
end of the experiment, the @aged control treatments open to grazing had a 60% reduction

in both above and below ground biomaswl ahoot height was reduced by 75% but there
was no impact of grazing on seagrass species mix. This chapter shows that grazing plot
formation by green turtles occurs in GBR fast growing seagrass communities and reduces
both above and below ground seagi@esnass, this behaviour may be targeting elevated leaf
nutrients, or nutritional content of rhizomes. This study is the first documented case of
grazing plot formation by green turtles in the GBR and suggests that grazing pressure has a

major influence on seagrass meadow structure.

Introduction

Herbivory is a key structuring force in terrestrial grassland ecosystems (Augustine and
McNaughton, 1998; Borer et ak014) While grazing dynamics in terrestrial grasslands are
well-understoodAugustine and McNaughton, 1998; Diaz et 2007h WallisDeVrieset al.,

1999) their equivalent in marine environments, grazing on seagrass meadows, has received
less attention. Grazers in terrestrial grasslands operate in systems with a majority of low
nutritive forage material, so prioritize selection of high quality forage to obtain the nutrients
that they are limited bfOwenSmith and Novellie, 1982; Senft et é1987) Large terrestrial
herbivores can focus their feeding on small areas to maintain a grazing laaw lmbmass,

high quality food (Hempsoet al., 2015) These welestablished patterns of herbivory that
operate in many terrestrial grasslands could potentially occur in a similar manner in marine
systems such as seagrass meadows. Herbivory on seagrassbseh identified as an
important topdown influence affecting the structure and functioning of a seagrass meadow

(Heck and Valentine, 2006; Valentine ahteck, 1999) However, many of the plant
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herbivore interactions taking place in seagrass meadows and the mechanisms behind them
have not been quantified (Yoel al.,2017)

The Great Barrier Reef (GBR) has one of the world’s largest areas of seagras®{@bles

2015) that supports a diverse herbivore community, including the largest remaining
populdion of green turtles in the worldlecated in the northern GBR (Limpus, 2008he
abundance and diversity of seagrasses and large megaherbivore populations in the GBR
create conditions similar to those under which seagrasses evolved and adapted to cope with
high herbivory pressure (Domning, 2001; Jackson eP@D1) Seagrasses share a range of
adaptations to herbivory with terrestrial grasses, most importantly their relatively inaccessible
belowground rhizome biomass and their ability to compensatbidonass lost to grazing

(Heck and Valentine, 2006; Valentine addck, 1999) In modern timesseagrasserbivore
interactions have been modified by human activity to various effects. Loss of seagrasses from
anthropogenic stresses has reduced food for megaherbi(dfagcott et al., 2009)
Overfishing, hunting and collection of eggs from nesting sites have in some locations led to
declines in megaherbivore populatipri’eeing seagrass meadows from grazing pressure
(Marsh et al., 2005) Overharvesting of top predators in other locations have allowed
herbivores to thrive and increased grazing pressure on seagrasses (Bumhald&013;

Esteset al.,2011).

The megaherbivores that graze on GBR seagrass meadows, greenGietlesia mydas

and dugongs(Dugong dugon), can consume large amounts of seagrass biomass and
significantly alter meadow structu{8akker et al., 2016a) In tropical environments, these
herbivores reduce seagrass shoot height, shoot width, shoot density and biomass as well as
causng shifts in the species composition of mead¢wragoneset al., 2006; Arthur et al.,

2013; Lal et al.,2010) In some cases, turtle overgrazing has resulted in detrimental impacts
on seagrass meadows, driving them towards collapse, often gradually via downgrading to a
lower successional state (Arthat al., 2013; Christianen et al2014; Fourqurean et al.

2019; Lal et al.,2010; Murdoch et al.2007) Any changes to seagrass meadow structure
caused by grazing will change the ecosystem services prowydgw meadow, for example
heavily grazed meadows may be a less valuable fishery héhithtr et al.,2013; Heck et

al., 2003; Scott et al2018; Chapter)2

Changes in seagrass meadow structure caused by large herbivores depend on the density of
herkivores, and how these herbivores fé&elkar et al., 2013;Molina-Hernandez and van
Tussenbroek, 2014)Green turtles have been observed using several foraging strategies,
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which cause differing impacts on the seagrass meadow: Green turtles can maa#eth gr
plots by consistently reropping blades in the same area, they may initiate these plots by
cropping shoots at the base and allowing old aboveground material to float away (Bjorndal,
1980; Johnson et al2019; Molina-Hernandez and van Tussenbroekl14200gden, 1980)

They can also be more dynamic in their grazing by maintaining a mosaic of grazed plots and
moving among themMolina-Herndndez and van Tussenbroek, 2014). And green turtles can
also exhibit a general browsing strategy, cropping all ofsdgrass across a meadow
without obviously targeting patchedMidlina-Hernandez and van Tussenbroek, 2014;
Nowicki et al., 2018 Scott et al.,, 2021a Chapter 3 These feeding behaviours can be
modified by topdown factors, for example predator presenceradify green turtle grazing
behaviour(Burkholderet al.,2013; Heithaus et al2014)and green turtles can aggregate in
marine protected areas (Christiaretnal., 2014; Scottet al., 2012) The foraging strategies

that green turtles use will vary depending on a combination of location specific seagrass
attributes and the tegown influences at a given site.

Green Island has a population of resident juvenile green turtles and is one of the eldest no
take marine protected areas in the GBR. Green Istasdrrounded by a large intertidal and
subtidal seagrass meadow comprised of ten species, that is an important food source for green
turtles(Fuenteset al.,2006; Rasheed, 2004)he opportunistic, fast growing seagrass species
present at Green Island repent the local climax community for this area, which has likely
evolvedand expanded under continued grazing pressure (Rasheed, 2004). The Green Island
area is however subject to indigenous hunting, with estimates that the nearby community may
take as many as 260 green turtles annually from the wider Cairns area (Limpus, 2008), which
could influence the numbers of adult green turtles feeding around Green Island (letientes
al., 2006) The large area of seagrass dominated by opportunistigrfastng spees and
top-down controlled turtle population at Green Island, means that the grazing pressure here is
likely to be moderate, meaning there is an abundance of food for herbivores. This seagrass
community structure is likely to have been shaped by the-pkmbivore dynamics at this

site, with continued grazing pressure from green turtles.

The purpose of this study was to use exclusion cages to examine how grazing by
megaherbivores at Green Island modifies seagrass meadow structure and species
composition. Exclusion cages have been used extensively in field studies to understand how
grazing impacts both terrestrial grasslands and seagrass meadows @toabe2019).
However the majority of seagrass exclusion studies have been 4trapibal locations ad
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with monospecific seagrass meadows of {timgd speciegArmitage androurqurean, 2006;
Burkholderet al.,2013; D’Souza et al2015; Ebrahim et al2014; Fourqureast al., 2010;
Williams, 1988).In the GBR, where meadows are often msitecies andominated by fast

growing opportunistic species, there have been no similar studies.

For the first time, this study examines how a green turtle population in the GBR structures the
extensive and diverse opportunistic seagrass meadows here and addgnowtleelge of
megaherbivoreeagrass interactions in the tropics. Specifichligsted the effect on seagrass
biomass, shoot morphology, tissue nutrients and species composition of green turtle grazing

by removing herbivory pressure through exclusion cages.

Material and methods

Study site

Herbivore exclusion experiments were conducted in a subtidal seagrass meadow at Green
Island (16°45.5’S, 145°58.3'E) (Figurkl), a vegetated sand cay located on the inner edge

of the GBR, 27 km northeast of Cairns (®@uosland, Australia). The most common
megaherbivore present here are green turtles. Dggoagoresent in the area but only rarely
observed in the Green Island seagrass meadows and not at all during the cowyrseudy.

Other herbivores present in theeadow include fish, urchins and mesoherbivores (Pers.
Obs.).

Australia

Green
Island

Figure 4.1: Location of study sites at Green Island.
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Experimental design

Megaherbivore exclusion cages were deployed at three sites within the same meaai@v (Fig
4.1). Sites were 200m apart and all sites were at an average depth of 1m below chart datum,
and with the same mixespecies seagrass community present at all sites, dominated by
Halodule uninervisSyringodium isoetifolium anmdymodoceacotundata. Exclusions were set

up and monitored monthly for a duration of three months. Steel cages 2m x 2m x 0.5m with a
20 x 20cm mesh were used to exclude megaherbivores, these allowed other herbivores (fish,
urchins and mesoherbivores) to access the seagraase(#@). Three control and three cage
treatments were deployed at each site. Each treatment was randomly allocated to a square
within a 6 x 4 grid with at least a 2.5m gap between each plot, meaning the experimental area
at each site was 15.5 x 9.5m. Treatments were divided equally between each site, giving three
replicates of each treatment per site and a total of nine replicates of each treatment across all

sites.

To check for possible shading impacts of the cages, benthic light measurements reaching the
VHDJUDVV FDQRS\ ZHUH WDNHQ LQVLGH D PHIJDKHUELYRUH
corrected irradiance loggers (Submersible Odyssey Photosynthetic Irradiance Recording
System, Dataflow Systems Pty. Ltd., New Zealand) calibrated using a cosine corrected Li

Cor underwater quantum sensor -@90SA; LiCor Inc., Lincoln, Nebraska USA) and
corrected for immersion using a factor of 1.33 (Kirk, 1994). Loggers measured
photosynthetically active radiation (PAR) and recorded readings every 15emifautone

month, these readings were used to measure total daily PAR (mol photalayhreaching
seagrasses. Light data showed that megaherbivore cages did not reduce the total daily PAR
reaching the seagrass inside megaherbivore cages (see Figure B.1).

Sampling

Three shoot height measurements were made in each plot in the field every month, by
grasping a handful of seagrass and measuring the shoot length of the entire canopy and
ignoring the longest 20% (Duarte and Kirkman, 2001).

Shoot density was determined in the field at the beginning (August) and end (November) of
the experiment, with four replicate counts of all species in a 10 x 10cm quadrat carried out in

each plot.

When turtle feeding was observed at site 3 after two months, GoPro cameras were deployed
to confirm that turtle grazing had caused the observed losses in seagrass. A camera was
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mounted on a cage at the grazed site and recorded video for 1.5hrs while the site was not

being surveyed.

At the end of the experiment, three replicate 15 cm diameter cores were taken from each cage
and control plot, these cores wdirezen andanalysed in the lab for shoot counts, above and
below ground biomass weights. Seagrass cores were processed in the lab by defrosting
samples, counting the number of shoots for each species and separating the above and below
ground biomass where the leaf meets the rhizome. For biomass samples, the seagrass was
dried in the oven at 60 qC for 10 days and then weighed. In response to the observed grazing
plot formation, sea@ss tissue nutrient content from inside megaherbivore cages at sites 1 (no
grazed plot formed) and 3 (grazed plot formed) was measured from the three most abundant
seagrass specie€ymodocea rotundatdjalodule uninervisand Syringodium isoetifoliun
Epiphytes were removed in the lab by scraping with a microscope slide and seagrass was
dried for 10 days at 60 qC. Dried seagrass was finely ground prior to analysis, 0.5g of dried
material was analysed for each species and two samples were analysed from all three species
in each megaherbivore cage plot. Carbon content was measured by placing a sample into an
oxygen¥ich atmosphere in a combustion furnace regulated at d@0@he carbon is then
guantified as the gas flow of the g@ontent using an infrared msurement cell (Rayment

and Lyons, 2011a). Nitrogen and phosphorus were measured by digesting leaf material with a
mixture of salicylic and sulfuric acid with hydrogen peroxide, this was diluted and analysed

by automated colorimetry in a taghannel analya instrument (Rayment and Lyons, 2011b).

Statistical analysis

Data were analysed using a generalised linear model with dinflogand a gamma
distribution. Both site and treatment were included as predictor variables, with the response
variables abovegumd biomass, belowground biomass and shoot density tested individually
for all seagrass species combined. For shoot height data over the duration of the experiment,
month was also included as a predictor variable and the plot identity used as a random fact
The MuMin package was used to dredge all model options and find the most parsimonious
model that was within two points of the lowest AIC value % D U WA Ftest was used

to determine the significance of each variable in thefiiestodel using the anova() function

in R. Post hoc analysis was conducted to compare treatment groups using a Tukey test in the
emmeans package (Lenth, 201R¥sidual and ep plots of normalised residuals of the model
were inspected for heteroscedasticity and-normality. Statistical analyses were conducted
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in R v.3.5.2(R Core Team, 2019nd model outputs were plotted using ggplot2 (Wickham,
2016) Differenes in seagrass community among exclusion treatments, site and date (fixed
effect) were analysed based on Bray Curtis distance matrices with 9999 permutations using a
three way fully orthogonal permutational multivariate analysis of variance (PERMANOVA)
with pairwise analysis (Anderson, 2008). PERMANOVA was performed using the PRIMER

v6 statistical software package. A SIMPER analysis was used to determine the species
making the largest contribution to differences between sites. The nutrient data wereedompar
using FTests to compare each nutrient in each species between sites 1 and 3. AtBstrtlett
was used to check for equal variances and adjust the analysis if variances were not equal.
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Results

Grazing at sites 1 and 2 did not impact any of the seagreB&s measured, green turtles
created a grazing plot covering approaiely 50 x 50m at site 3 (Figu#e?2) leading to
reduced aboveground biomass (Figure 4.3), belowground biomass (Figure 4.4) and shorter
shoots (Figure4.5). Shoot density was not inggad by megaherbivore grazing at site 3
(Figure4.6) and grazing did not cause a shift in specgaposition Figure B2). Monthly

shoot height measurements (FigdtB) show that the majority of the shoot height reduction

at site 3 took place between September and October, after the experiment had been running
for two months. At this time, the grazeldtpwas observed at site 3 (Figute). At the end of

the experiment, seagrass inside megaherbivore cages within the grazed plot area had a higher
nutrientcontent compared to seagrass inside megaherbivore cages at site 1 where no grazed

plot was formed.

e
iR

Figure 4.2: Megaherbivore cage at (a) an ungrazed site and (b and c) at site 3 where grazing took
place o months into the experiment. Turtles were filmed grazing at site 3 (d).

60



Effect of grazing on seagrass metrics

There was a significant interaction between site and treatment on aboveground seagrass
biomass (F=10.7592, p<0.001). Aboveground biomass tssi and 2 was not impacted by
grazing, whereas at site 3 post hoc tests show the open to grazing control plots had less
aboveground biomass (67.16- 4/1.7 SE gDW ) than caged plots (167.12-420.5 SE

gDW m?; Figure4.3).

Site 1 I Site 2 I Site 3 |
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@ Control
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504 , -
Control Megaherbivore Conltrol Megahérbivore Conltrol Megahérbivore
cage cage cage
Treatment

Figure 4.3: Mean aboveground seagrass biomass at all three sites in caged and control treatments
with standard error
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Belowground seagrass biomass was also reduced by grazing activity at site 3 4Hgure
There was a significd interaction between site and treatment on belowground seagrass
biomass (F=3.6863, p<0.05). Posioc tests lsow that at site 3, the open to grazing control
plots had less belowground biomass than the megaherbivore cages.

Site 1 | Site 2 | Site 3
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400 -
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@ Control I
300+ A Megaherbivore cage 1

T I T I T T
Control Megaherbivore Control Megaherbivore  Control Megaherbivore
cage cage cage
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Figure 4.4: Mean belowground seagrass biomass at all three sites in caged and control treatments
with standard error
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There was a significant interaction between month, site and treatment for seagrass shoot
height (=12.9884, p<0.001&s shown in Figure 4.5. Pdsbc tests showed that there were
significant pairwise differences at site 3 in October and November and site 2 when the
experiment was set up in August and also in September where the open to grazing control
treatments had aerter shoot height than the megaherbivore exclusion cages. The changes
caused by grazing are only seen at site 3 from October onwards when mean shoot height was
9.1 (+f 1.5 SE) cm in control plots compared to 24.3 (t8 SE) cm inside exclusion cages.
Grazing further decreased shoot height at site 3 in November when mean shoot height in
control plots was 7.2 (+0.8 SE) cm compared to 20.7{®/7 SE) cm inside the cages.

Site 1 Site 2 Site 3
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0

Aug Sep Oct Nov Aug Sep Oct Nov Aug Sep Oct Nov
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Figure 4.5: Mean shoot heighthroughout the experiment at all three sites in caged and control
treatments with standard error
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The open to grazing control plots at the grazed site 3 had fewer shoots than the ungrazed
caged plots at the site and the lowest shoot density of all #etnHowever shoot density

was not significantly different between treatments or sites after three mopHas8(F53,
p=0.1324) (Figure 4.6).
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Figure 4.6: Mean shoot density per4with standard error at all three sites in caged and control
treatments

Seagrass species composition was not different between the start and end of the experiment,
or between treatments, however there was a difference in seagrass species composition
between sites (Pseudobs = 4.1678, p<0.05). Pairwise comparisons show differences were
between sites 1 and 34t 2.56, p<0.001) and sites 2 and 3 & 2.53, p<0.001), however

there were no differences between sites 1 angs2 @.43, p = 0.88). The SIMPER analysis
indicatesthat differences between site 3 and the other two sites are driven by a lower
abundances of H. uninena@dS. isoetifoliumat site 3, however S. isoetifoliuramains the

most abundant species at site 3 (sear€i§.2 and Table B.1).
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Nutrient analysis

Nutrients were higher inside the megaherbivore exclusion cages within the grazed plot at site
3 compared with site 1 wher® grazing plot was formed (Figude7) at the conclusion of

the experiment. Nitrogen was higher at site 3 for C. rotun@ata-2.445, p=0.035), H.
uninervis(T=-2.309, p= 0.062) and S. isoetifoliii= -3.806, p=0.004). Carbon was higher

at site 3 in H. uninervigT = -3.218, p=0.015). Phosphorus was higher at site 3 in C.
rotundata(T = -2.076, p=0.065) and S. isoetifolifin=-3.2126, p = 0.009).
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Figure 4.7: Nutrient concentrations at site 1 and 3 for Cymodocea rotunidatadule uninervigand
Syringodium isoetifoliurPlots show mean and standard error.
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Discussion

The Great Barrier Reef has one of the world’s largest and most diverse areas of seagrass,
which supports one of the world’s largest populations of green turtles (€o&s 2015;

Limpus, 2008). Despite this, we are only just beginning to understand theheténtore
interactions that structure GBR seagrass meadows and modify the ecosystem services that
they provide. Herel have documented a concentrated grazing event within one area of a
seagrass meadow that impacted meadow steigtuseveral different way$ly study is the

first time that this type of grazing has been documented in the, @GBRthe first time that

turtles feeding on below ground rhizomes have been recorded here. Although this is the first
time that we have documented targeted grazing, likaedy to be a repeated behaviour at
Green Island. Historical seagrass surveys have noted meadow ‘blowouts’ at Green Island that
appeared to shift over time (Melloes al., 1993) and a seagrass recovetydy in the same
meadow as mgtudy noted grazindisturbances that impacted meadow structure at a similar
scale(Rasheed, 2004)

The Green Island seagrass meadow appearsadatited to cope with this level of herbivory.
Despite the resident population of large herbivores, this meadow has been able to persist
through time(Mellors et al.,1993; Rasheed, 20Q4)he multispecies seagrass assemblage is

able to recover rapidly from small scale impacts as demonstrated by previous experimental
work in the meadow (Rasheed, 2004 )s likely that the mix of colonising and opportunistic
seagrass species that constitute the meadow has developed in part due to the herbivory
pressure that allows for the maintenance of such a diverse suite of competing plant species.
Herbivory pressure may have caused this meadow to switch from a H. unol@mnirsated
meadow in 1995 4997 (Rasheed, 2004), to a meadow dominated by the colonising S.
isoetifoliumin 2017. S. isoetifolium has been shown to be a rapid coloniser of disturbed plots
at Green Island that once established is able to persist at the expense of other species
(Rasheed 2004). Although formation of the grazing plot did not impact species composition
at ths site over the duration of mgtudy, the lowest abundances of H. uninemwere
observed in controls within the grazed plot at site 3, indicating that turtle grazing may cause
declines in the later successional species H. unin@8itess.3 also had the lowest abundances

of H. uninervisat the start of the experiment, possibly due to previous green turtle grazing
pressure. It is possible given longer time frames of herbivarlegan than the 3 months of

my study, that the caged plots may have shifted in species composition toward later

successional species.
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Green turtle feeding established a grazing plot that substantially reduced seagrass
aboveground biomass and structure in terms of shoot height in one of the three sites sampled
in this meadow. This type of feeding has been seen in other locations, for example Molina-
Hernandez and van Tussenbr@2R14)recorded a mosaic of maintained grazing plots under

a moderate grazing regime in the Mexican Yucatan Peninsula where green turtles would crop
blades at the base and then graze the regrowth. These plots were usually continually grazed
for a period of 13 months tover 2 years. Similar creation of long term maintained grazed
plots has been observed previously in the Bahamas, the Caribbean, the Gulf of Mexico and
the IndePacific (Bjorndal, 1980; Christianen et a014; Hearne et al2018; Johnson et al.,

2019; Ogden, 1980; Williams, 1988)his grazing enables green turtles to cultivate patches

of seagrass and graze the nutrach easilydigestible regrowth, which has higher energy

and is richer in nitrogen and phosphorus (Bjorndal, 1980; Moran and Bjorndal, ROG¥%)
study,the maintenance of this grazed plot was not monitored over the longeH=naver

the site was visited three months after the experiment eadddhe grazed seagrass had not
recovered to the same condition as the surrounding meatliosv.concentrated feeding
observed at Green Island could be an indication that green turtles here are also maintaining
grazing plots for short periods of at least a few months before moving on to another area of
the meadow, likely using this foraging segy alongside a more general browsing strategy.

Green turtle grazing did not reduce shoot density at Green Island. Reductions in shoot density
have been observed when large herds of dugtaagl (Preen, 1995)between low and high

turtle density areas (L&t al.,2010)and in long term megaherbivore exclusi¢Barkholder

et al., 2013) However, in tropical seagrass meadows, simulated grazing does not result in
changes in shoot density (Johnsgtnal., 2020; Moran and Bjorndal, 2005; Mutchler and
Hoffman, 2017) Changes in shoot density may only be observed at very high grazing
pressureor over long time scales. In nsgudy the mean shoot density of treatments open to
grazing within the grazed plot at site 3 was the lowest observed, indicating grazing was
causing some declines in shoot density. If the turtles continued to graze in this area then it is
possible that shoot density would have continued to decline further.

Belowground seagrass biomass was also lower in the control treatments at site 3 where the
grazed plot was formed. Belowground seagrass root and rhizome material is higher in
carbohydrates than the aboveground seagrass material (Lanyon, 1991; Sheppa20@)al.,

and is an important food source for dugong, who dig to excavate the rhizonhey désed
(Marshet al.,1982; Preen, 1995 he green turtles at Green Island may have excavated this
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area as a means to easily access the belowground material, to meet a dietary need for starch.
Stomach lavage samples from juvenile green turtles aroumenGlsland have found
rhizomes consumed incidentally, with only one sample with rhizomes betw2g¥ Bf diet
volume Fuenteset al., 2006).1 obtained video footage at the site that further supports this
hypothesis, showing turtles pulling out shoots gmdomes and consuming the whole shoot
and associated rhizome material. This type of belowground feeding has only been
documented once previously by Christiaretnal. (2014) however in that case the green
turtles had already consumed most of the aboveground biomass across the entise, mead
whereas in mytudy there was still extensive aboveground biomass available in other areas
of the meadow. At Green Islantlrtles appearedbtbe selecting to feed on belgiund
structures out of choice rather thagcassity. This belowground feeding behaviour may only
be a viable strategyn terms of access to rhizomes and nutritional benefitast growing
tropical meadows The meadows at Green Island hdess woody rhizomes than most
previous studies where tlatgrazing has been examindaese previous studies have feed

on slower growing seagrass species with woodier less digestible rhizomes.

Grazing location may also have been influenced by seeking higher nutritional content of
seagrass leaveseflecting common grazing strategies of terrestrial grassland herbivores
(Hempsoret al., 2015) After the grazing plot was established at site 3, | examined the leaf
tissue nutrients in the caged plots at site 3 where seagrass remained unaffected by turtle
grazing ad compared them with the caged plots at site one where no grazing plot was
formed. Leaf tissue nitrogen and phosphorus concentrations within site 3 were higher than
those at site one outside of the grazing plot. These samples were taken at the end of the
experiment after the grazing plot was established, so should be interpreted with caution,
however the elevated nutrient concentrations at site 3 may offer a possible explanation,
leading green turtles to target this area to initiate a grazing plot. Tibes dy grazing
optimisation has been observed for dugong the GBR (Aragones and Marsh, 2000;
Aragonest al.,2006; Preen, 199%nd for green turtles in other tropical locations (Bjorndal,
1980; Hearne et al2018; Williams, 1988)

Seagrass meadow characteristics and the scale, intensity and frequency of disturbance are
important when considering the impacts of grazing on ecosystem servicesetEIG2008;

Scott et al., 2018; Chapter 2 Tropical seagrasses are able to recover from grazing
disturktances quickly (Aragones and Marsh, 2000; Rasheed, 2004,, X808)e delivery of

some ecosystem services such as fish habitat and sediment trapping (De Boer, 2007; Heck et
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al., 2003)would likely be restored within a matter of months after grazers havedran.
However, some changes may take longer to reverse, such as nutrient cycling and carbon
storage and sequestration (Aakial., 2019; Johnsomrt al., 2019; Macreadie et al2015)

The grazing plot formation | observed at Green Island appeared to occur in only a relatively
small area of the overall meadow (approx. 50 x 50m ava#) the majority of the seagrass
meadow relatively unaffected by green turtle grazing. This could be because the fast growing,
opportunistic species in this meadow are adapted to cope with low levels of grazing pressure.
Under these circumstancdke overall meadow structure would be relatively unaffected and
ecosystem services likely preseryeden if this is part of a mosaic such as observed in other
locations(Molina-Hernandez and van Tussenbroek, 2014)

Top-down control from higher predators in a seagrass meadow also influences how grazing
can modify seagrass meadows and their ecosystem services. A balance in ecosystem services
may be difficult to maintain in seagrasseadows where there is a reduction in-tiogvn

control on herbivores. Where shark populations are reduced resulting in weakiemtop
control on green turtle populations, meadows can become overgrazed as has been
documented in other locations (Christiaretral., 2014; Fourqurean et al2019; Lal et al.,

2010; Murdoch et al.2007) Humans can also exert topwn control on herbivores and
green turtle populations worldwide have been recovering after hunting ceased and effective
conservation measures wdamplemented in many locatior{8alazs and Chaloupka, 2004;
Brodericket al.,2006; Chaloupka et al2008) On the GBR, apex predators like tiger sharks
have been considerably reduced over the last half century éRaff, 2018) however, the

Green Islad green turtle population is still under some pressure from indigenous hunting,

exercising a top down control on herbivory (Limpus, 2008)

This study shows that green turtles in at least one location in theUS8R concentrated
feeding strategy with powde establishment and maintenance of grazing plots. Such
concentrated grazing may be beneficial for herbivores as it could potentially cultivate
nutrientrich areas of the meadow to allow green turtles to access carbohydrate rich
belowground seagrass material. The seagrass meadow at Green Island appears to be well
adapted to cope with this herbivory pressure, being maintained with a diverse mix of
colonising and opportunistic species capable of rapid growth and recovery. Indeed, this
species mix may be &sult of longterm and persistent herbivory pressure. Seagrasses have
been subject to megaherbivore grazing for over 50 million years, and often at a high intensity
and frequencyDomning, 2001) Historically, associations between large megaherbivore
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popubtions and seagrass meadows have resulted in closely cropped seagrass meadows where
grazing plots merged to cover the entire meadow (Jackson, 2001; Williams, k988
extensive, high biomass meadow at Green Island dominated by opportunistic species, i
appears likely that green turtles use the formation of grazing plots and consumption ef below
ground material to efficiently meet their nutritional needs in a similar manner to terrestrial
herbivores. Establishment of a grazing plot at Green Island significantly impacted both above
and belowground seagrass structure in some areas within meadows, which could alter
ecosystem service delivery. These grazing plots at Green Island are likely to be formed in a
mosaic within the larger meadow. This study is the first time that such concentrated impacts
of green turtle grazing have been documented in the GBR and further study would reveal
more about how turtles might initiate, maintain, and move between grazed plots. The
establishment of grazing plots may also be present at other similar seagrass communities
within the GBR and Inddacific. As green turtle populations worldwide continue to recover,

it is important to understand and monitor the plagtbivore interactions operating in
seagrass meadows, to informtlbaconservation and management measures for both the

animals and their food source.
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Chapter 5

Spatial and temporal patterns in macroherbivore grazing in a

multi -species tropical seagrass meadow of the Great Barrier Reef

Chapters 3 and 4 show tharde structuring impact that megaherbivory can have on a
seagrass meadoviHowever, macroherbivores such as fish and urchins are present on the
GBR and could be influencing meadow structure in some locations. Althobgpter 3

showed this was not the case in Gladstone, in this chapter | investigate the impact of
macroherbivory in the meadows around Green Island. | chose this site because the seagrass
here is structurally complex so a favourable habitat for macroherbivores, and close to coral
reef habitat. klso observed both bite marks from herbivpegsl the herbivores themselyes

while conducting fieldwork for @apter 3. Green Island is a particularly interesting place to

study this dynamic as it is one of the oldest no tdkeine Protected Areas on tEBR.
This chapter is publishad Diversity.

Scott, A. L., York, P. H., and Rasheed, M. A. 2028patial and temporal patterns in
macroherbivore grazing in a mu#fpecies tropical seagrass meadow of the Great Barrier
Reef. Diversity. 13(1); 12. https://doi.org/10.3390/d13010012

All authors helped to conceive the design of this experiment, ALS led all fieldwork activity
with assistance from PHY and the Seagrass Ecology Lab team. ALS conducted all lab and
data analysis. ALS prepared the manuscript with comments from MAR and PHY.
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Abstract

Macroherbivory is an important process in seagrass meadows worldwide, however the impact
of macroherbivores on seagrasses in the Great Barrier Reef (GBR) has recéeed lit
attention.l used exclusion cages and seagrass tethering asghysamerago understand

how the intensity of macroherbivory varies over space and time in the seagrass meadows
around Green Island, and what impact this has on overall meadow striRates. of
macroherbivory were comparatively low, between 0.28% of daily seagrass productivity,
however rates were highly variable over a gaar period, and amorgites. Loss of seagrass
material to macroherbivory was predominantly due to fish, hewevchin herbivory was

also taking place. Macroherbivory rates were of insufficient intensity to impact overall
meadow structure. No macroherbivory events were identified on cathetafimed in the

day, indicating that feeding may be occurring in langeequently present shoalsr at night.

While relatively low compared to some meadows, seagmassdierbivory was still an
importantprocessat this sitel suggest that in this highly protected area of the GBR, where
the ecosystem and food webs renlanmgely intact, macroherbivory was maintained at a low
levelandwasunlikely to cause the largezale meadow structuring influence that can be seen

in more modified seagrass systems.

Introduction

Seagrasses are some of the most productive ecosystems on the planet, capable of turning over
their entire standing crop in as little as three to four days for some tropical meadows
(Rasheedet al, 2008). This productivity supports diverse food webs through detrital
pathways and direct consumption by herbivores, as well as accumulation of detritus in
sediments which acts as a carbon sink or is exported to adjacent ecosystems (Duarte and
Cebrian, 1996; Hyndes et ak014) On a global scale, consumption of seagrass material is
relatively low, however in the tromcgrazing rates can be much higher (Hetkl, 2020)

Grazing of seagrasses by megaherbivores (e.g. green turtles and glugary important
process in tropical regions such as the Great Barrier Reef (GBR) and can hasedigge-
impacts on seagrasseadows (Aragones and Marsh, 2000; Scott et, &020, 2021a
Chapters 3 and)4However we know less about the impacts of macroherbivores (e.g. fish
and urchins), in GBR seagrass habitats.
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Rates of macroherbivory in seagrass meadows can be very high, in some locations exceeding
the daily productivity of the meadow. In temperate and subtropical meadows, herbivorous
fish can consume all of the daily seagrass productivity and in peak grazing events, can
consume over ten times the daily productivity (Hokteal., 2013; Kirsch et a.2002; Tomas

et al, 2005) In tropical seagrass meadows, estimates of macroherbivore seagrass
consumption range from 3 26% of daily seagrass productivity (Le¢ al, 2015, 2016;
Tertschnig, 1989; Vonk et al2008) to ten tmes daily productivityat times(Unsworthet al,

2007) with grazing dominated by herbivorous fish (leteal, 2015, 2016)Urchin herbivory

can be high in temperate environments, where urchins can consume over 80% of
aboveground seagrass biomass (Buretlal, 2013; Carnell et al.2020) Less is known

about the role of urchin grazing in tropical meadows, but aggregations of urchins can cause
large declines in slow growing tropical seagrasses, and urchin herbivory can exceed fish
herbivory in some trapal meadowgAlcoverro and Mariani, 2002; Hay, 1984)

The intensity of seagrass grazing by macroherbivores \ases over space and time.
Temporal changes in both seagrass productivity and macroherbivore grazing mean that
proportional losses of seagrass to macroherbivory can vary seasonally, and losses to
macroherbivory are greatest when seagrass productivity is at its lowest, @i&GH2002;
Tomaset al, 2005; Wressnig and Booth, 200&easonal changes mean macroherbivores can
impact meadow establishment and recovery to different degrees at certain times of year
(Besseyet al, 2016; Valentineet al, 2000) Macroherbivory also changes on local and
landscape spatial scales. This variability can be due to loegieeific factors; e.g. sheltered

sites can have five times the losses from macroherbivory than exposed méadbridgnet

al., 1996) More complex seascapes can also have higher populations of macroherbivores
with increased rates of macroherbivory (Unswaathal, 2007) e.g. scaridish grazing can

double in seagrass meadows that are in proximity to mangroves (Swetdallls2017)and

reef associated fish can feed in halos around reefs (Chiguid, 2020; Valentine et al.

2008)

In some locations, the results ohonoherbivoe grazing can lead to substantial changes in
seagrass meadow structure, particularly when grazers are present in large numbers, aggregate
in groups or where tedown controls are removed. High macroherbivore grazing rates can
result in seagrass meadowskwlitigher shoot densities (Plaretsal, 2011) less aboveground
seagrass materigCarnell et al, 2020; Planes et al2011) lower rhizome sugar content
(Planeset al, 2011) losses of belowground material (Carretllal, 2020; Peterson et al.
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2002) and lower flowering intensity (Planest al, 2011) When grazing reduces primary
production and canopy height, macroherbivores can reduce meadow function, particularly
when grazing on already fragmented seagrass meadows or when large aggregations of
macrdierbivores overgraze meadows (Elkdiffal, 2008; Gera et gl2013) These losses in
meadow function due to herbivory can have implications for the ecosystem services delivered
by a seagrass meadow (Carmlal, 2020; EKIOf et al.2008; Peterson et.aR002; Rose et

al., 1999; Scott et al.2018; Chapter)2 Seagrass grazing by fish can modify the meadow to
such an extent that it is a less valuable habitat and foraging ground for other macroherbivores.
For example, fish herbivorgan reduce meadow structure and increase predation risk for
urchins(Heck and Valentine, 1995; Pages et 2012)

In multi-species seagrass meadows, macroherbivores may show a preference for a given
species of seagrass and can impact establishment of fast growing spetties 48 2019;
Besseyet al, 2016; Mariani and Alcoverro, 1999; Vonk et,aP008) In some cases,
macroherbivores can show a grazing preference based on nutritional characteristics of the
plant (Bellet al, 2019; Goecker et al2005; Holzer et al.2013; McGlathery, 1995; Prado

and Heck, 2011)but this is not always the case (Kirsthal, 2002) and the availability of
seagrass can be the most important factor influencing grazing (Unstvait2007)

The GBR consists of a network of Marine Protected A(BH3AS) that offer varying levels

of protection including no take zones that offer the highest levels of protection through to
areas where most forms of fishing are allow@gjilvie, 2016) We know that MPAs can

have a strong influence on mabkesbivores through modification oép-down controlsthat

can result in both positive and negative outcomes for seagrass maadowsy differ for

fish and urchingAlcoverro and Mariani, 2004; Bessey et, &016; Finke and Denno, 2005;

Hay, 1984;Planes et al, 2011; Prado et al2008). Therefore, the potential outcomes from

the pressures of macroherbivory for seagrass meadows in the GBR are likely to be variable.
For example, where coastal seagrass meadows in the GBR have been heavily impacted by
turtle and dugong grazing, macroherbivory was found to have an insignificant role in further
influencing meadow characteristics (Scott et, &020; Chapter 3). However, our
understanding of other meadow types and locations in the GBR is limited, especially fo
areas that have the highest level of protectidhis is surprising given the focus on
macroherbivores in reef systems, where they play a key rolmaintaining GBR reef
resilience and promiig coral recovery (Bellwood et al2003, 2004; Ceccarelli ei., 2011;
Chealet al.,2016).
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In this study lexamine patterns of macroherbivory over a year in a 1spéicies tropical
seagrass meadow in Green Island (Queensland, Austraéa)f the oldest ntake MPAs on

the GBR (Baxter, 1990; Ogilvie, 2016)Green Island is home to a diverse fish and
invertebrate community, many of these are herbivorous or omnivorous, with a diverse
piscivorous fish population also present (AIMS, 201F)established macroherbivore
exclusion experiments to teshether macroherbory at this site was havirgn influence on
seagrass meadow structure. | also ussahrass tethering assays to test how macroherbivory
varies over space and time aroudteen Islancand used tethers and meadow cores to test
whether macroherbivores showadoreference for a given species of seagrass in this- multi

species meadow.

Material and methods
Study site

Experiments were conducted at three sites within intertidal and shallow subtidal seagrass
meadows around Green Island, a vegetated coral chkyn 2¥f the coast of Cairns,
Queensland, Australia (Figurel. Green Island is one of the oldest MR#Asthe GBRand

was first protected in 1937 then declared a Marine National Park in 1974, and since then no
fishing has been permitted around the island @ax990; Ogilvie, 2016)The seagrass here

is diverse with ten species found around the Island (Fuehtds 2006; Rasheed, 2004nd

a range of macroherbivores. There are four speciaganiid found around Green Island and
adults of both shoalingpscies present, Siganus fusces@m$Siganus lineatuvave been

shown to feed on seagrass as an important part of their diet (Pitt,, M8J&l census
surveys around Green Island have found 14 species of parrotfish and herbivorous surgeonfish
(AIMS, 2017). Sea urchins are also present in the meadows at Green Island, Diggema
have been recorded around the coral reef (Baxter, 1880) have observed Tripneustes
gratilla in the seagrass meadow. Differences in the characteristics between theasitieedx

in this study at Green Island are outlined in Table 5He 3ites were comprised of six
speciesCymodocea rotundat&ymodocea serrulatdlalodule uninervisHalophila ovalis
Syringodium isoetifoliumandThalassia hemprichiiFor sites 1 and 3h¢ exclusion cages and
tethers were placed in the same location, at site 2 exclusion cages were placed within an area
of lower density seagrass to investigate if this was caused by herbivory, but the tethers were
placed closer inshore within an area off@igcanopy height and shoot density.
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Exclusion cage experiments

Manipulative field experiments to exclude macroherbivores were carried out at sites 1, 2 and
3 shown in Figureb.l and described in Table15.Macroherbivore exclusion cages were
made from amodified 1m diameter x Omd high crab pot that was covered innif
monofilament mesh (FigureZ. Exclusion cages were deployed in the seagrass meadow for

a total of seven weeks from April to June 2018. Exclusion cages were deployed at each site in
a grid layout with six cages, six control plots and six procedural controécroherbivore
exclusion cages with holes cut in the sides to allow macroherbivores to access the seagrass
(Figure 52). Treatments were arranged haphaygardthe grid and plots wer2m apatrt.
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Figure 5.1: Map of study sites

To monitor and minimise the impact of shading caused by the cages, they were regularly
cleaned and light measurements were taken. Macroherbivore cages at all three sites were
manually cleaned twice a week for the duration of the experiment and were periodically
swapped out for clean cages. Benthic light measurements reaching the seagrass canopy were
taken inside a control plot and a macroherbivore cage forr8tenfionth of the experiment

using (E F R&bLrértéd irradiance loggers (Submersible Odyssey Photosynthetic Irradiance
Recording System, Dataflow Systems Pty. Ltd., New Zealand) calibrated using a cosine
corrected LiCor underwater quantum sensor -@90SA; LiCor Inc., Lincoln, Nebraska

USA) and corrected for immersion using a factor of 1.33 (Kirk, 1994). Loggers measured
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photosynthetically active radiation (PAR) and recorded readings every 15 minutes, these
readings were used to measure total daily light (mol photonday') reachingthe seagrass

in both cage and control plots.

At the end of the sevenagk exclusion experiment, an 11cm diameter (10.6cm internal
diameter) core sample was taken from every cage, control and procedural control plot. These
cores were stored in the freezand processed in the lab for aboveground biomass, shoot
counts and counts of fish bite marks and urchin shi®ataples were gently defrostedthe

lab and above and beloground material separated where the shoot meets the rhizome.
Shoots were counted for each species and the number of bite marks due to herbivory was also
recorded. Aboveground biomass material for each species was then dried in the oven at 60°C

and weighed after one week of drying.

Table 5.1: Characteristics of the different sites used in this study

Species Mean Mean
Site comp osition Depth aboveground shoot Habitat Experiment
P biomass gDW nf  density m”
1 Crowndata g 5 213.8 1605  Inmeadow C29es and
T. hemprichii tethering
H. ovals
2 T. hemprichii 0-25m 13.1 1208 In reef patch Cages
2a c. rotunglatq 0-25m - - In meadow  Tethering
T. hemprichii
C. rotundata
C. serrulata Cages and
3 H. uninervis 1-3m 181.3 8649 In meadow 9es
. o tethering
S. isoetifolium
T. hemprichii

Tethering experiments

Seagrass tethering experiments were used to quantify macroherbivory over time using an
established technique (Kirseh al, 2002), modified by changing the length and type of rope,
number of seagrass shoots and duration of time in the meaddwerimgtexperiments were
carried out at sites 1, 2a (from August onwards) and 3 shown in Figu@n8.Table 5.1

every 2 months from June 2019 to April 2020. These experiments used the two most common
species across all three sites;r@tundataand T. henprichii. Both species were collected

from the meadow at each site by selecting blades that were not heavily covered in epiphytes
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and showed naigns of grazing and arranged in tethers. Each tethered shoot was made up of
two outside blades and one middiad# of the seagrass taken from the same meadow and
from the same shoot where possible (Unswettlal, 2007) all blades were photographed
before being spliced into a 30cm rope (the tether). Each tether had two shoots of C. rotundata
and two shoots of Themprichiispliced into it, these tethers were pegged into the seagrass
meadow with the same orientation and shoot height as the surrounding meadow (see Figure
5.2). Ten tethers were placed in the seagrass meadow at each site in two rows of five, tethers
were separated by 0.5m and the two rows of tethers were 0.5m apart. Tethers remained in situ
for a total of three days, and after collection each blade was photographed again. Photos were
used to calculate the surface area of blades at the start and end of the experiment, and the
surface area lost to herbivory using ImageJ (Rasband, 1997). Photos were also used to count
bite marks and categorise these as: urchin shreds, large fish bites)>&mall fish bites (<

5mm) or megaherbivory by green turtles (see Figur®). 55hoots were frozen and
subsequently weighed in the lab followidgfrosting andirying in an oven at 60°C for four

days.

Figure 5.2: (a) Macroherbivore exclusion cages; (b) procedural control cages that allowed
macroherbivores to access seagrass; (c) tethers deployed in the meadow; (d) and fish bite marks seen
on tethered seagrass with urchin shred markifget).
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Remote underwater cameras (GoPro model) were used to film tethered seagrass at each site
to record herbivore grazing behaviour. Cameras were placed around the tethers and left
recording for 60 -90 minutes at each site, two recordings were carried out at all sites on days
one and two of tether deploymewthere tidal conditions allogd. All footage was viewed to

look for the presence of herbivoré=r three camera deployments per site per sampling
event, arandoml5 minute section of video was watched in detail and all fish were identified
and the number in that section of video wasorded along with the MaxN (maximum

number of individuals in a framéHarveyet al,, 2007)

Seagrass meadow productivity measurements were carried out at all sites in June 2018 and at
site 1 in February 2020. Shoots of all species were pierced with a syringe half way up the leaf
sheath and then harvested after B -weeks, new growth was weighed in the lab and
calculated as mg Dry Weight (DW)'dber shoot to enable comparisons with losses from
tethered shoots (Zieman, 1974). To compare productivitgsorements to losses due to
macroherbivory, average productivity from all measurements of each species was used, with
June measurements used for the dry season months and February measurements used for wet

season months.
Statistical analysis

All data were analysed using a generalised linear model (GLM) using R v.3.5.2. (R Core
Team, 2019and model outputs were plotted using ggplot2 (Wickham, 2EM8jusion cage

data were analysed using a GLM with a gamma distribution antihkagsite and treatment

were included as fixed factors with the response variables aboveground biomass,
belowground biomass and shoot density tested individually. Tether data were analysed using
the MASS package (Venables and Ripley, 2088)l a GLM with a negative binomial
distributon and loglink with site, seagrass species and month included as fixed factors with
the response variables total bite marks and surface area lost to macroherbivotesAwas

used to determine the significance of each variable in thefib@sbdel wsing the anova()
function in R Post hoc analysis was conducted to compare treatment groups using a Tukey
test in the emmeans package (Lenth, 209 variablewas not significant in the ANOVA,

this was excluded from the model in the post analysis.

To analyse the number of bite marks per blade from cores taken at the end of the experiment,
an ANOVA was used to test for differences in bite marks per blade of each species. Each site
was analysed separately due to the different species compositions at each.
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Results

Macroherbivore grazing at Green Island varied throughout the year and between sites, in
terms of the amount of seagrass consumed (Figure 5.3a). Numbers of bite marks on tethers
also varied over space and time, but not between seagrass sPealkes.in herbivory were

being driven by numbers of fish bite marks rather than urchins (Figure 5.3b).
Macroherbivores consumed between 0.284% of aboveground daily seagrass productivity
(Table 5.2). There was a difference in the weight of seagras®Ibsirbivory between the

two species used on the tethers, but there was no clear preference for either of the seagrass
species in terms of the number of bite marks on each (Figure 5.3a). However, results from the
analysis of cores across the meadow as a whole, show that less common seagrass species
such as H. ovaliand C. serrulatamay be targeted by fish grazers at Green Island (Figure
5.4). Despite being present, macroherbivores didnmedsurablympact seagrass meadow
properties such as shoot dens#poveground biomass and species composition within the

meadow (Figure 5.5).

Rates of herbivory

Loss of seagrass material on tethered seagrass throughout the year differed between sites,
months and species with interactions between site:month and moaoitssfpe<0.05). Losses

to macroherbivory were lowest at site 2 throughout the year, and highest at site 3 in the
August/October peak (Figure3a). Post hoc analysis showed differences between the two
seagrass species on the tethers at site 3 in Augussitend in October (p<0.05), where
losses of Themprichii were higher than Crotundata. There was no difference between
months at sites 1 or 2, but site 3 had higher losses to herbivory in October than June.

Spatial and temporal variability in herbivory

The total number of fish, urchin and turtle bite marks per tether differed between sites and
months (p<0.05), but not between seagrass species (Fi@ime bhere was an interaction
between site and month regarding the total number of bite marks on tethers (p<0.05).
Herbivory peaked at all sites in October, with a second peak occurring at site 1 in June
(Figure 5.3b).

Posthoc tests showed that within site Hite marks were fewer in April than the June and
October peaks. Within site 2 there were noeddhces between months, and within site 3

there were fewer bite marks in June than the peak months of August and October.
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Throughout most of the yedsite marks were highest at site 3 and lowest at site 2. The only
months with no differences in bite matstween sites were April and December. The peaks
in herbivory at all sites were driven by higher numbers of fish bites rather than urchin feeding
(Figure 5.3b). All types of bite marks were contributing to herbivory pressure at all three sites
during the experiment, small fish bite marks were highest at site 3 throughout much of the
year, whereas turtle and urchin bites were higher at site 1.
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Figure 5.3: Seagrass loss (mgDW) per tether due to macroherbfiumtie bites excluded) during the
experiment (a) and bites per tether showing the overall total and types of bite marks present (b).
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Proportion of productivity consumed

The amount of seagrass productivity consumed by macroherbivores varied deperttieg on
time of year, species of seagrass and ranged between 0.25 and 44% of seagrass productivity
(Table 5.2). This variation depended on the time of year, species of seagrass and the site, with
the highest outright and proportional losses of productivity to macroherbivores at sites 1 and
3 (Table 5.2).

Table 5.2: Percentage of daily seagrass productivity consumed as a percentage of daily productivity
per shoot in the wet season (February, October, December) and dry season (April, June August).
Productivity and seagrass consumption shown as mean + 1SE

Seagrass Productivity
consumption consumed by
(mg day? shoot!) (mg day!shoot!) macroherbivores

Site Season Species  Productivity

Wet Cr 1.68 + 0.56 0.21+£0.41 8-25%
1 Th 1.57 + 0.56 0.15+0.29 6-13%
Dry Cr 1.32 +0.48 0.19+0.28 4-30%
Th 1.63 + 0.93 0.30 + 0.45 13-23%
Wet Cr 1.68 + 0.56 0.02 +£ 0.06 1-2%
2 Th 1.57 + 0.56 0.06 £ 0.15 0.2511%
Dry Cr 1.32 + 0.48 0.13+0.44 1-30%
Th 1.63 £ 0.93 0.09 + 0.26 1-13%
Wet Cr 1.68 + 0.56 0.27 £ 0.36 4-25%
3 Th 1.57 + 0.56 0.30 £ 0.39 7-44%
Dry Cr 1.32 + 0.48 0.07 +0.12 2-11%
Th 1.63 + 0.93 0.26 + 0.46 3-33%

Identity of macroherbivores

The herbivores responsible for bite marks ontdthers were not observed on the over 70

hours of remote video footage in any month. The only herbivorous fish seen were small

siganids (Table BL), no urchins were seen on the cameras, but these were occasionally

observed in the meadow during this studigaBids were observed on the video footage in

very large numbers at site 3 in February, however the majority of these were juveniles.

Species preference

Bite mark data from all seagrass species in the control plots at the end of the exclusion

experiment \as analysed to look for overall patterns in seagrass species preference in this

diverse meadow (Figure4). There was no difference in the number of bite marks between

C. rotundataand T. hemprichiiat site 1 F=1.72 (p = 0.231), which was also supported by

comparing these two species in the tethering experiment. At site 2 H. loadlisiore bites



per blade than T. hemprict#i=3.63 (p=0.09) and at site 3 C. serruldtad more bites per
blade than C. rotundat@ndH. uninervisF=4.83 (p=0.03).
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Figure 5.4: Bites per seagrass blade in control plots of all species found at all sites

Impact of macroherbivory on the seagrass meadow

At the end of the exclusion caging experiment, there was no effect of excluding
macroherbivores on seagrass metrics, with no treatment differences in aboveground biomass
(F2 = 0.5 p = 0.6), belowground biomass &0.6 p = 0.5), or shoot density,(£ 0.04 p =
0.9).There was no effect of excluding macroherbivores in the bare area within the meadow at
site 2and the exclusion cages did not have an impact on the seagrass méénlewhere

were no differences caused by macroherbivory, there were differences betwsen site
aboveground biomassAE 76.9 p<0.001), belowground biomg$s = 83.2 p<0.001), and

shoot density (= 56.13 p<0.001). Aboveground biomass was lowest at site 2 (Fidiag 5.

shoot densities were lowest at sites 1 and 2 (Figwie) and belowground biomass was

lowest at site 2 (Figure 5.5c).

While insufficientto cause a change in overall seagrass biomass in treatments, analysis of
bite mark numbers in seagrass blades revealed a difference in the number of bite marks
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between treatments{E 9.1 p<0.001), between sites €35.5 p<0.001) and there was a site

by treatment interaction ¢= 3.7 p<0.05). Post hoc analysis shows that bite marks were less
frequent in cages that excluded macroherbivores than control plots (p<0.05) at sites 1 and 3,
but there was no difference at site 2 and very low levels of bitesnoasrall (Figure 5.5d).

Light logger data shows that cages did not reduce the total daily PAR reaching plots (Figure
C.1).
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Discussion

This study examined macroherbivory in a tropical rmsjitecies seagrass meadow in the
Great Barrier ReefMacroherbivory varied greatly both agmlly and temporally, ranging

from 0.25% to as much as 44% of the daily seagrass productivity. While evidence of grazing
was present in the meadow, macroherbivory did not result in $aae-detectible impacts to
seagrass meadow structure and biomdssroherbivores did not show a clear preference for

either of the two most common species in the meadow, but may prefer the rarer species.

Rates of macroherbivory at Green Island were consistently low compared with temperate and
subtropical meadowgHolzer et al, 2013; Kirsch et a). 2002; Tomas et gl.2005) and
compared with studies from some other tropical locations (Gullsgtéah, 2011; Unsworth

et al, 2007) The levels of macroherbivory at Green Island were more similar to rates
documented in tropical seagrasses in the South China Sea, where herbivores removed up to
16% of seagrass productivity (Leeal, 2015, 2016and to herbivory rates found worldwide
(Cebrian and Duarte, 1998As macroherbivory at Green Island appeared to be highly
variable there may be peak grazing events thditl not observe uting the timeframe of my

study, where a larger amount of seagrass productivity is removed. Targeted grazing by
siganids has previously been observed at Green Island, with large shoals of up to 100
individuals moving from the reef dominated areas where they rest, to the southwest seagrass
flats (close to site 1 in this study) to feed (Pitt, 1997)

These rates of seagrass herbivory are also low compared to macroherbivory on algae within
coral reefs in the GBR, where algal biomass removal rates in a 4 hour period can be between
6 — 36% (Loffler et al, 2015) but these rates can vary depending on the type of
macroherbivore present (Ceccarellial, 2011) Siganids are important herbivores on GBR
reefs, however they have very low rates of herbivory on seagrasses (Fox and Bellwood,
2008).

Green Island is one of the oldest Marine Protected Areas in the GBR (Baxter, 1990; Ogilvie,
2016) In other parts of the world, protected areas have been shown othfym
macroherbivory and result in increased herbivory inside Marine Protected (Aexaariet

al., 2008; Hay, 1984; Prado et,a008) This may occur because of the number of trophic
levels in the food web being protected. For example, where apeat@redre functionally
extinct and only three trophic levels are present, MPAs release fishing pressure on piscivores
and result in reduced macroherbivore populations or chandesaging behaviour(Carroll
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et al, 2019) When apex predators are present and protected (four trophic levels) they reduce
piscivore numbers and increase the populations of macroherbivores. However, when long
term protection and conservation measures are applied to a system, interactions generally
become more diverse and complex and this can dampen these trophic cascades leading to
more stable systems (Dufét al., 2007; Finke and Denno, 200%) the case of Green Island,

it is possible that because tppedators are also protected, larger fish and sharks are able to
exert topdown control on the herbivore populations here and modify their feeding behaviour
(Burkholderet al, 2013). Large predatory fish and blacktip sharks were frequently observed

in the seagrass meadows at all sites and all times of year throughout the dafrakien
experiment and on the video footage collected during the study (Fig2ireAClack of top

down control due to overfishing of herbivore predators has been shown to contribute to
overgrazing by macroherbivores in other locations (Wallienn et al, 2015) and the
presence of predators can control macroherbivore populations (@arabl12019; Gullstrom

et al, 2011) The presence of predators can also modify the feeding behaviours of
megaherbivores over space and time, based on their perceikexf predation (Burkholder

et al, 2013; Heithaus et al2007; Wirsing et aJ.2007)and it is possible the macroherbivores

at Green Island are also attempting to avoid predators while foraging.

The levels of macroherbivory at Green Island were insufficient to cause a measurable impact
on overall seagrass meadow structure. This contrasts with other locations where high grazing
rates by macroherbivores have caused dramatic losses in above and below ground biomass
(Carnellet al, 2020; Peterson et al2002; Planes et al2011; Ruiz et al.2009) butis a

similar pattern toother work from the GBR which found no impact of macroherbivores on
seagrass meadow structure (Scott et 2021a Chapter R In a previous study at Green
Island | identified the mst important herbivore modifying seagrass meadow structure is the
green turtle, Chelonia mydé#éScottet al.,2020; Chapter 4)These megaherbivores can graze
intensively on small patches of seagrass within the Green Island meadow and impact both
above and belowground seagrass structure (8catt 2020; Chapter)4and mesoherbivores

can impact epiphyte cover (Hoffmaenhal, 2020) However, even these large herbivores did

not act across the entire meadow with impacts measured in smaller grazing plots within the

meadow leaving the majority unaffected.

Bite marks on tethered seagrass show that macroherbivory at Green Island was dominated by
fish, and peaks in macroherbivory were driven by fish bite marks. However, urchin herbivory
was also taking placétoughout the year at a lower frequency. Urchins have also been found
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to be a lower contributor to macroherbivory in other locations @tesd., 2015) particularly
in areas where fishing is prohibitéélicoverro and Mariani, 2004; Hay, 1984)

No macroherbivores were observed directly feeding on tethers in over 70 hours of video
collected in this experiment, and no large herbivores were seen in any of the footage,
however large numbers of schooling juvenile siganids were recorded at site 3 in February. As
no macroherbivory events were captured on camera and only rarely observed in the meadow
throughout this experiment, macroherbivory may be taking place at night or could be due to
large shoals of fish moving through the meadow sporadidatlvious work taGreen Island

has shown that Siganus fuscesam$Siganus lineatueed on seagrass as an important part

of their diet, and they can move through the meadows here in large foraging shoals (Pitt,
1997) Both urchins and siganids in tropical seagrasse@<s8R reefs can graze at night (Fox

and Bellwood, 2011; Tertschnig, 1989; Young and Bellwood, 20Although juvenile
siganids are associated with the Green Island seagrass meadows, they predominantly feed on
turfing algae and animal material within theadow(Pitt, 1997) Fixed site surveys indicate

a diverse suite of herbivorous fish are present at Green Island, including scarids, siganids and
acanthuridgAIMS, 2017) The parrotfish genus Sparisoma, that cause high rates of seagrass
loss in the Cariblen and other areasre not present in the IndRacific (Hoey and
Bellwood, 2008) and although their functional equivalents Calotorsys. and Leptoscarus
vaigiensisare rare in the GBR (Hoey and Bellwood, 2008)y have been shown to
consume large amounts of seagrass in other areas in th@dodix (Gullstromet al, 2011,
Unsworthet al, 2007)

Although rates ofmacrdierbivory were low overall, there was smedhle spatial variability
between sites around Green Island, and macroherbivory rates changed over time at each site.
Such spatial and temporal variability in macroherbivory has been previously documented and
depends on factors that cause patchiness in abundances of herbivorets dle@015;
Tomaset al, 2005; Wressnig and Booth, 2008} Green Island, the neighbouring coral reef
habitat may play a key role, as resfsociated fish can feed on seagrass, and in some
locations cause bare halos in seagrass around reefs by grazing and preventing the
establishment of some seagrass specieg)(@lb et al, 2020; Randall, 1965; Valentine et

al., 2007) Similar halos were observed around some reefs at Green Island but were not
investigated as part of this study. The depth of meadows may also have been important,
herbivory was highest at site 3 for much of the year, the deepest site in the study (other sites
were intertidal). Other studies have also found de@th subtidal sites have higher
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macroherbivory(Lee et al, 2015; Sluka and Miller, 20019nd larger herbivorous fish can
occur deeper than juvenilé&ullstromet al, 2011) Seasonal and temporal variability in
macroherbivory is also very common in other locations, and targeted herbivory by shoals of
fish, is what allows these meadows to persist even when herbivore consumption exceeds
daily primary productivity for short periods of time (Kirset al, 2002; Unsworth et al.

2007)

Macroherbivores at Green Island did not show a preference for €thetundata orT.
hemprichiiin the tethers, however data from cores at the exclusioy site$ showed they
consumed rarer species H. ovai®lC. serrubta, at relatively greater rates when they were
present. Macroherbivores in tropical seagrass meadows have been shown to prefer
opportunisticspecies such as C. rotundateer climax speciesuch as T. hemprichiLee et

al., 2015; Mariani and Alcoverro, 1999; Vonk et,&008) In other tropical locations, fish

have also shown a preference for the faster growing Syringodium filiforralodule
uninervis over Thalassiaspecies(Lee et al, 2016; Tribble, 1981)These preferences may

also be size dependent, as larger parrotfish are able to feed on seagrass blades with a higher
fibre content, meaning they can graze on the high nutrient, high fibre T. hem(irezhet

al., 2016)

Conclusion

This study found that atroherbivory was generally low in the migpecies seagsa
meadow at Green Islandatge fish, small fish and urchins all fed on seagrass here, but this
varied over space and time. Despite persistent feeding by macroherbivangghtut the
study, it was of insufficient intensity to cause lasgale structural impacts to seagrass
biomass, species composition or shoot density in the meadbs pattern may be
characteristic of other GBR seagrass meadethere macrberbivores ar@resent however,
further studies at other locations are needed. Green Island is one of the oldesbrMiRAs
GBR, where both macroherbivores and their predators are protected, ti@momfluence
may be controlling rates of macroherbivory in thisad@w, an area worthy of further study.
Although the level of macroherbivory was comparatively low at Green Islandistbisl
likely to represent an important pathway for seagrass productivity to enter the foothieb
studysupports other recemtork highlighting that tropical seagrass productivity provides an
important component to food webs in the GBRRt shows that this is variable over space and
time (Jinkset al, 2019; Scott et §|2020, 2021a)
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Chapter 6

Spatial and temporal variability of green turtle and dugong
herbivory in seagrass meadows of the southern Great Barrier
Reef

Chapter 3 showed that megaherbivores had the dominant influence on the seagrass meadow
at South Trees in Gladstone, but there are multiple seagrass meadbiwsheitGladstone

region which megaherbivores are also likely to be influencing. In many locations there are
multiple meadows where megaherbivores feed, but our understanding of the spatial and
temporal variability in megaherbivory between different closely connected meadows, and
over time, is limited. This chapter investigates the variability in the structuring impacts of

megaherbivory on a regional scale and over time in the Gladstone region.
This chapter is currently under review in Marine Ecology RrsgSeries:
Scott, A. L., York, P. H., Macreadie, P. I., and Rasheed, M. A. 2@atial and temporal

variability of green turtle and dugong herbivory in seagrass meadows of the southern
Great Barrier Reef. Marine Ecology Progress Sefigxder review.

All authors helped to conceive the design of this experiment, ALS led all fieldwork activity
with assistance from PHY and the Seagrass Ecology Lab team. ALS conducted all lab and
data analysis. ALS prepared the manuscript with comments from MAR, PHY and PIM
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Abstract

Megaherbivore grazing (e.g. by turtles, dugongs and manatees) plays a major and well
documented role in structuring seagrass meadows around the world; however, we know little
about localscale (intra and intermeadow) variability in megaherlmve grazing. This is
surprising given that megaherbivores are higtdiective eaters who may feed by targeting
certain meadows, or areas within a meadow. Heran lan experiment in the Great Barrier

Reef (GBR) to test the question: How does megahenpivary on a regional scale?ubsed
megaherbivore exclusion cages at five meadows along a 50km region of coastline around
Gladstone (Queensland) in the southern GB&Id Heritage Area to understand variability

in megaherbivory between meadowdound differences in the impacts of megaherbivore
grazing on seagrass biomass and shoot heights between different meadows in the region.
There were also interannual differences in grazing impacts at one meadow that had been
studied previously. These differences may be due to megaherbivore population and grazing
dynamics, as well as the response of the seagrass to grazing pressuesulkdyshovthat
seagrass meadows grazieg megaherbivores are dynamic systems that vary on regional
spatial scales as well as ovand. This is important for management measures that seek to
consider the seagrass herbivore system as a whole and understand the implications of
monitoring efforts based on seagrass aboveground condition.

Introduction

Seagrass meadows are highly productive ecosystems and an important food source,
particularly for megaherbivores who may rely predominantly or completely on seagrass for
their diet and can consume significant amounts of seagrass productivity (Bakke2016a;

Estebanet al, 2020) Megaherbivores are large grazers over 10kg in body weight and in
seagrass systems include green turtles, manatees, dugongs, and swans({BakReéx 6a)

These large bodied grazers can act as ecosystem engineers, structuring seagrass meadows as
they feed, and impacting the ecosystem services provided by a meadow @akk&016a;

Scottet al, 2018; Chapter)2

Megaherbivore grazing can have significant impacts on seagrass meadow characteristics.
Grazing can reduce aboveground biomass, shoot densitieshaotl height in meadows
(D’Souzaet al, 2015; Lal et al.2010; Scott et g§l.2020; Chapter ¥ Losses in belowground
biomass due to grazing can also occur where green turtles dig to feed on rhizomes

93



(Christianenet al, 2014; Scott et al.2020; Chapter4), and when dugongs employ
excavation foraging to feed on above and belowground material (Rashesd 2017;
Sheppardet al, 2010) In extreme cases overgrazing of meadows can occur, resulting in
losses of seagrass meadows in some locations (Cheistd al, 2014; Fourqurean et al.

2019; Kelkar et al.2013a) Overgrazing of meadows is particularly prevalent in areas where
green turtle conservation measures have been very effective and their numbers increase

rapidly, but predator numbers remaiwl(Heithauset al, 2014)

Structuring of seagrass meadows by megaherbivores has been documented in various tropical
and subtropical locations (Heithawt al, 2014) however less is known about how
megaherbivory variebetweenmeadows in a region. Dugongs can show high site fidelity to
meadows within a location (D’'Souzd al, 2015)and can feed in herds (Sheppatdal,

2010) The effects of green turtle grazing can be spatially variable within a bay (Htaine
2018)and depend on the number oftless present in a meadow (Kelketral, 2013a; Lal et

al., 2010) which can determine whether a meadow in one location declines or disappears due
to overgrazindFourqurearet al, 2019)

The responses of seagrasses to pressures such as herbivory can also vary between species,
over space and over time and will depend on thedown and bottorup controls that

operate in a meadow (Kilminstet al, 2015; KuiperLinley et al, 2007) Some seagrass
speciesmay be more tolerant to grazingy subtropical Qeensland seagrass meadows
Halophila ovaliswas found to be the most tolerant species, followed by Zostera mussiteri
capricorni, with Cymodocea serrulatéhe least tolerantKuiper-Linley et al, 2007) These
responsesnay vary according tthe habitatand region where the meadow is located and the
associated variability in th&tressesind environmental settings within area(Kilminster et

al., 2015)

Understanding the plaititerbivore system as a whole, particularly in seagrass meadows with
megaherhiores present, is important to manage these ecosystems effectively. Effective
management of multiple meadows in a region requires an understanding of how the impacts
of herbivory vary in space and time between these closely connected mé&dowst al,

2018; Chapter

In the Great Barrier Reef (GBR), twaeagrassnegaherbivores are presengreen turtles
(Chelonia mydgsand dugongsugong dugon). Green turtles will preferentially consume

seagrass where it is available and duggrgslominantly graz on seagrasses, both of these
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can consume large amounts of seagrass (Estthbaln 2020; Sheppard et aR010) These
megaherbivores can graze broadly across seagrass meadows as (@editdt al, 2021a

Chapter 3 or in a more targeted fashion whageeen turtles can focus their foraging on
smaller areas of the meadow to form grazed plots (®todl, 2020; Chapter ¥ While
dugongs in the GBR may focus their grazing on higher biomass (Rasthakd®017; Tolet

al., 2016)or high nutrient comnt(Shepparcet al, 2010)areas of a meadow. Megaherbivore
feeding in the GBR can act to structure the seagrass meadows here and the impact of this
depends on the megaherbivore population present and their grazing behaviouet(&kott

2020; Chapter @

| used exclusion cages to quantify the impact of megaherbivore grazing at five sites in the
Gladstone region encompassing a 50km section of coastline. Megaherba®ripeen
identified asthe most important tedown process affecting tbeseagrass meadoWScottet

al., 2021a Chapter 3 with green turtles grazing at the meadswale throughout the
meadowand dugongs also feeding at all of the study meadows in the region (L&nhpls

2018; Rasheed et aR017; Scott et gl2021a Chapter 3

Methods

Megaherbivore exclusion cages were deployed at five different meadows in a coastal barrier
island system of the southern GBR near Gladstone (shown umeFddl) for three months
between August and November in 2018. The characteristics of these meadews
summarised in Table 6.1 and shown inUr@6.1, the meadows at these sites contain three
seagrass species; Zostera mueBspcapricorni, Halophila ovalisandHalodule uninervis

Table 6.1: Site charateristics at the start of the experiment (beginning of the growing season)

Mean aboveground Mean shoot

Site Dgrrg(r;\izrslt Habitat biomass gDW ¢+  height mm *
P SE SE
Pelican . ) Intertidal
Banks Z. capricorni sand/mud 11.13+ 0.7 46+ 2.0
Wiggins H. ovalis Intertidal mud 1.61+ 0.3 2.7+ 0.1
Island
South Trees  Z. capricorni Intertidal 8.90+ 0.5 83+ 3.9
sand/mud
Wild Cattle - inervis  Subtidal sand 6.58+ 0.6 95+ 5.0
Island
) ) Intertidal
Rodds Bay  Z. capricorni sand/mud 21.99+ 1.7 148+ 6.4
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Megaherivore exclusion cages were 2m x 2m wide and 0.5m high and maddvahiged

steel with a 20 x 20u mesh. These cages excluded green turtles and dubgongllowed

other herbivores access to the plots to graze. Three megaherbivore exclusion cages were
dedoyed at each site with three control plots of the same size marked with pegs, these were
randomly allocated to a square within a 4 x 3 grid with at least a 3m gap between plots.

Five shoot height measurements were taken from every plot at the start and end of the
experiment, by measuring the shoot length of the entire canopy and ignoring the longest 20%
(Duarte and Kirkman, 2001Photos were taken from every plot at the start and end of the

experiment to estimate aboveground biomass (Rasheed, 1999)

The South Trees meadow location repeated sampling that had occurred the previous year,
which enabled a temporal comparison of herbivory at that site (8tcatf 2021a Chapter

3). Shoot height and change in aboveground biomass data from South Trees oventh 3
period from August to November 2017 (Scettal, 2021a Chapter 3 collected using the

same methods was compared to data collected in 2018.
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Figure 6.1: Location of experimental sites in Gladstddarbour with coastal seagrass distribution
from Chartrand et a[2019) and photos of all sites

Change in aboveground biomass over the thmeasth exclusion studyand shoot height
measurements at the end of the thmemth exclusion from all three cagasd control plots

at all siteswere compared using an ANOVA and a Tukey post hoc analysis. Residual and g-
g plots of normalised residuals of each ANOVA were inspected for heteroscedasticity and
non-normality. Statistical analyses were conducted in R5\23(R Core Team, 201%nd

model outputs were plotted using ggplot2 (Wickham, 2016). Change in aboveground biomass
was analysed for four of the five sites in this experiment, the fifth, Wild Cattle Island, was
excluded from this analysis because vidipilvas too poor to take photos of plots at this
subtidal site in November. Shoot height measurements at the end of the exclusion study were
analysed for four of the five sites in this experiment, Wiggins Island was excluded because
muddy sediments and sthng water over shoitl. ovalis shoots prevented accurate shoot

height measurements in November.
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Results

Spatial differences in the impact of megaerbivory

Megaherbivore grazing caused declines in aboveground biomass at some sites within the
Gladstone reign but not others (Fige 63a). There was a location by treatment interaction

that determined the change in aboveground biomass over the duration of the exclusion
experiment (k= 10.36, p<0.001). Post hoc analysis showed that within sites there was a
higher change in biomass during the experiment in megaherbivore cages than open to grazing
control plots at Pelican Banks and Rodds Bay, but no differences between treatments at South
Trees and Wiggins Island. Pelican Banks had a higher change in biomasd tther sites

and was the only site to increase in biomass overall during the experiment, Rodds Bay had a
lower change in biomass than all other sites and all plots decreased in biomass throughout the
experiment (Figre 63a). There was no difference between South Trees and Wiggins Island,
with no change in biomass at either site throughout the experiment.

There was a difference in shoot height between locatigr82=324, p<0.001) and treatment
(F1=14.464, p<0.001), but no interaction between these(Bigure 63b). Shoot heights were
shorter in control plots that were open to grazing compared to megaherbivore exclusion cages
at all locations, the largest differences in shoot height between treatments were at Pelican
Banks. Post hoc analysis showed overall differences between all locations, with shortest

shoot heights at South Trees and longest shoot heights at Rodds Bay.
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the end of the experiment (b). Error bars show + SE.
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Temporal differences in herbivory at South Trees

For the South Trees site, wherdndd previously conducted herbivore exclusions in 2017
(Scottet al.,2021a Chapter 3), impacts of herbivory differed between 2017 and 2018 (Figure
6.3). There was an effect of treatment €13.91, p<0.05) and year(E 5.88, p<0.05) and

an interaction between these; (F 5.00, p<0.05) on the change in aboveground biomass
(Figure 63a). There was a significant effect of year €7.86, p<0.05) and treatment; (¥

12.01, p<0.05) on shoot height, but no interaction between these (F1 = 2.030 p = 0.16)
(Figure 63b). Shoot heights inside the open to grazing control plots were shorter than inside
the exclision cages in both years. Post hoc analyses show there was a strong treatment effect
in 2017 with both aboveground biomass and shoot height significantly lower in open to
grazing control plots compared to within the caged megaherbivore exclusion tredtment
2018 there was no treatment effect for change in aboveground biomass and a much smaller

effect on shoot heights.
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Discussion

Grazing by megaherbivores on the southern GreatdBd&reef produced variable impacts on
coastal seagrass meadow structure within the region and over time at the same meadow.
Megaherbivores were grazing at all four meadows where shoot height was measured, which
resulted in shorter shoots in control platgen to grazing compared to exclusion cages.
However, reductions in aboveground biomass due to megaherbivore grazing were only seen
at Pelican Banks and Rodds Bay. There was a similar pattern at South Trees meadow over
time, where shoot heights were reduced by grazing in both years, but aboveground biomass

was only impacted by grazing in 2018.

A range of studies from around the world have demonstrated that megaherbivore grazing is
an important structuring force in seagrass meadows and can cause redouemmseground
characteristics of tropical seagrasses (Christighah, 2014; D’Souza et 3l2015; Lal et al.

2010)as well as in tropical GBR seagrass meadows (®tat, 2020; Chapter 4 Grazing

by megaherbivores has previously been identifeetha most important tegpown structuring

force in the subtropical seagrass meadow at South Trees in Gladstonee($¢pt2021a

Chapter 3 However, megaherbivores are not always the most important grazer group in
subtropical seagrass meadows. For example, in one Queensland seagrass meadow where
megaherbivores are present, they do not influence aboveground seagrass characteristics and
mesoherbivores (e.g. amphipods, juvenile prawns and juvenile fish) are the most important
grazer group impacting meadoproperties (Ebrahim et al, 2014) My study supports
previous research from Gladstone that shows the megaherbivore populations are acting to
structure the meadows hefecottet al, 2021a) but shows that this pressure is not constant.

The variability n the impact of megaherbivore grazing on seagrass meadows in Gladstone is
likely to be driven in part by megaherbivore grazing behaviour, movements and population
dynamics. In the GBRmegaherbivores can target higher biomass areas of seagrass meadows
(Rasheedet al, 2017; Tol et al. 2016) which may be the case here as Pelican Banks and
Rodds Bay had the highest biomass of the seagrass meadows samdiediere both
impacted by megaherbivory. South Trees also had a higher biomass in 2017 than 2018 and
reductions in aboveground biomass due to grazing were greater at this time. Megaherbivores
can also target certain seagrass species when they graze {Kuolpgret al, 2007)
however, this did not appear to be the case in Gladstone as although botmostlmeghly
targeted meadows in Gladstone were dominated by Z. capricdrnicapricorni also
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dominated one of the meadows least impacted by herbivory. Green turtles were found
throughout the Gladstone region when surveyed in 2013 and from 2016 (BAbit®ck et

al., 2015; Limpus et al.2018; Prior et a).2015). Tagged green turtles often showed high
fidelity to their foraging sites within Gladstone Harbour (Baboetc&l, 2015; Limpus et a/.

2018) however some individuals do move between meadows to feed (Badtcalck2015;
Limpuset al, 2018) Dietary analysis shows green turtles in Gladstone can move in and out
of the seagrass meadows in the Harbour and switch their diet to feed on algaet(&rjior
2015) Monitoring of dugong feeding trailshows that dugong grazing at the same sites as
this study varies over time, within areas of a single meadow and also between meadows,
indicating dugongs are moving between sites and potentially focussing grazing on higher
biomass seagrass meadows in the re(ftasheecet al, 2017) South Trees has only been
sampled for green turtles in 2018 and although numbers of turtles were high, the population
here was dominated by small immature turtles (Limptusal, 2018) It is possible that
grazing by this juvenile dominated population at South Trees may have had less of an impact
on the meadow than the populatiorttwmore adults at Pelican Bank& combination of
megaherbivore feeding preferences, movements between meadows and population structure
could cause the variable impacts seen in the Gladstone rdgibnwas not explicitly
measured as part of nsyudy.

The other potential driver of the variability in the impacts of grazing on seagrass is the
response of the seagrass meadow to th&ldeyn pressure of ngaherbivory. Seagrasses can
respond to herbivory by altering their productivity, modifying rhizome or leaf water soluble
carbohydrate concentrations and changing leaf properties, however these responses depend
on the species of seagrass (Kuiperey et d., 2007) Seagrass responses will differ
between regions and depend on the other stressors present at a given time (Kiétnalster
2015).These responses will determine the overall impact of herbivory on the meadow.

Although | only had the ability to assess temporal variability in grazing impacts on one
meadow,| would expect the same variability in megaherbivore grazing on seagrass meadows
over time to be seen in other locatioinsthe region. In Gladstone, lotigrm seagrass
monitoring over the pasil8 years shows meadow changes that could be driven in part by
megaherbivory(Chartrandet al, 2019)with evidence ofdugong feeding hotspots within
Gladstone shift between and within meadows over time (Raghedd2017)

Studies from around the world and the GBR have highlighted the importance of considering

megaherbivore impacts when evaluating seagrass condition and resilience and the coupling of
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both megaherbivore and seagrass monitoring is truly warranted for better system
understandingChristianenet al, 2014; Heithaus et al2014; Lal et al. 2010; Scott et gl.

2018) However, this study demonstrates that the seagmnagaherbivore relationship is
spatially and temporally dynamic on a regional scale and monitoring programs that seek to
assesseagrass and megaherbivores as an integrated system need to consider the drivers and
variability of this relationship for effective management outcomes and monitoring.
Understanding the regional scale megaherbigeiagrass dynamics of closely connected
meadows could inform management measures that are based on aboveground seagrass
metrics to understand seagrass health and may assist in detecting seagrass meadows that are

becoming overgrazed.
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Chapter 7
General discussion

This chapter summarises the @unhes of my thesis, what these new findings mean for our
understanding of seagrass herbivory in the GBI the management implications of my
research. | also outline future research to build on my work and place my resuitsthathi
conceptual model of l&&apter 2. | conclude that herbivory is an important dopm
structuring influence on GBR seagrass meadows, and thathgleyivore interactions have
shaped GBR seagrass communities and continue to influence their characteristics. These
plantherbivore nteractions are variable over space and time and depend on the types of
herbivore present and their grazing behaviour as well as the response of the seagrass meadow
to herbivory. To appropriately monitor and manage seagrass meadows on the GBR and
maintainthe delivery of ecosystem services, these meadows should be managed as a coupled

seagras$erbivore systerwhere practical
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How do herbivores structure seagrass meadows and

their ecosystem services in the Great Barrier Reef?

Key findings

My research showthat, like terrestrial grasslands and seagrass meadsasnieother parts

of the world, seagrasses in the GBR are structured by the herbivores that graze on them. The
impact of the toglown structuring influence of herbivory on seagrass depends on the
herbivore community present at a given meadow and is variable over gpacéime.
Megaherbivoryhas the most significant grazing impact on seagrass meadow structure in both
the Green Island and Gladstone meadows that | studied, howedgifehag megahdrivore

foraging behaviours at these two locations changed the scale of the structuring impacts
observed. Macroherbivory is taking place in some GBR seagrass meadows, Hea@wey

rates in the locations | studied were lower than those observed elsewtsehaps due to a

more stable system where multiple trophic levels are protected in the case of Green Island, or
seagrass meadows maintained in a lower biomass state that are a less favourable habitat for
macroherbivores in the case of Gladstone. Mesolagbon epiphytes was also found to be

low in Gladstone.

Plant-herbivore interactions in GBR seagrass meadows

Herbivory is an important pathway for the export of plant material in terrestrial ecosystems
and in the highly productive seagrass meadows that are found worldwide (Bhkdder

2006; Burkepile, 2013; Frank et al1998; Valentine and Heck, 2020By consuming
seagrass material, herbivores can facilitate the export of this productivity to other ecosystems
within the coastal seascape (Heaatkal, 2008; Hyndes et 312014) My research has shown

that herbivores consunsggnificant amounts of seagrass productivity on the GRfentially
exporting this productivity byransferringit to higher trophic levelsr moving it out of the
meadow.As megahkrbivores can consume large amounts of seagrass biomass, and it is likely
this export pathway dominates over detrital export amynGBR meadows (Chapters 3 and 4

- Scottet al, 2020, 2021p

The grazing behaviour of herbivores on land may select foehigimality forage material to
maximise the energy or nutrient intake from the plant material consumed (McNaughton,
1984) Similar grazing optimisation is thought to be occurring in seagrass meadows
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(Aragoneset al, 2006) My research has shown that greertles form grazing plots in some
locations in theGBR which may allow them to meet dietary requiremeatsnitrients or
carbohydrates (Chapter-4Scottet al. (2020). My study documented one grazing plot at
Green Island, and a subsequent megaherbiesxdusion experiment observed another
grazing plot formed within the same meadow after one year (York, peysTals shows the
formation of grazing plots by green turtles at Green Island is a repeated behaviour and may
have acted to structure seagrass species composition and nutritional content in this meadow

over longer timescales.

Like terrestrial plants, seagrasses have evolved under intense grazing and have adapted to
persist even when subjected to very high herbivory pressure (Domning, 2001;nJackso
2001) Seagrass meadows on the GBR are able to recover from disturbances that cause losses
of above and belowground material (Rasheed, 1999, 2004; Rasheed2€x14). The fast

growth rates of GBR seagrasses allow them to asexually compensate for losses within a
meadow through rhizome growth (Rasheed, 1999, 2084)ther essential mechanism for
recovery from meadowcale disturbance are the seed banks produced by meadows, these
seeds allow meadows to recover when adult plants are lost (Rashedd 2014) My

research indicates that the GBR seagrass meadows | studied are well adapted to persist under
current levels of herbivory pressure and even the dramatic grazing impacts | observed in
Chapter 4 (Scotet al, 2020)would have only resulted in shaierm meadow structuring

impacts.

Although the meadows | studied consist of opportunistic seagrass species, over their long
evolutionary history, grazing is likely to have shaped the seagrass communities present today.
Whether this is due to changes in meadow structural properties, productivity or species
composition, a GBR seagrass community without herbivores would look very different to the
seagrass meadows we see today. For example, small scale disturbances at Green Island can
favour the faster oppomistic seagrass species Syringodium isoetifobunch cause overall
community shifts in the meadow (Rasheed, 2004jere is also anecdotal evidence and
observations of shifts to opportunistic species in meadows once dominated by larger
persistent seagrass species with the return of intense dugong feeding in other areas of
Queenslandg.g. Mornington Island; R. Coles persom; Wellesley Islands Taylor et al,

2007). Although I did not document species shifts in theiggaglots that | observed in
Chapte 4 (Scottet al, 2020) changes in community composition are likely to have occurred

as the meadow recovered from this grazing event and conditions favoured fast colonising
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speciesThesechangesvould be observed over much longer time scales than watatlied.

The most pervasive impact of megaherbivore grazing, seen at both locations | studied in
Chapters 3, 4 and 6 (Scatt al, 2020, 2021ayvas the reduction of seagrass shoot heights,
showing megaherbivore grazing maintains meadows with shortetssand less structural

complexity.

Herbivores on land and in the marine environment can act as ecosystem engineers and their
grazing behaviour may alter the characteristics of the food source that they rely on éForbes
al., 2019; Poore et al2012) By modifying the functional properties of a seagrass ecosystem,
herbivores can also alter the suite of ecosystem services provided by a meadow, including the
provision of food for the herbivores themselvebdter 2 Scottet al, 2018. For example,

one herbivore group can modify a seagrass meadow to such an extent that it is a less valuable
habitat and foraging ground for other herbivofeagéset al, 2012) A similar pattern was
observed in the Gladstone region where megaherbivory reduced seageabw structural
complexity (Gapter 6), and these lower biomass meadows were less valuable for both
macroherbivores and mesoherbivor&hdpter 3- Scott et al, 2021a) Such losses in
seagrass complexity due to megaherbivory also impact other ecosystem services provided by
a seagrass meadow outlined inapter ZScottet al, 2018) The grazedeagrass meadow at

South Trees in Gladstone has been shown to be moderately complex compared to other
meadows in the GBR, which means it supports fewer larger figheldy diminishing the
fisheries value of this meadow (Jingisal,, 2019)

The role of different herbivore groups in structuring GBR seagrass

meadows

The herbivore community in GBR seagrass meadows is made up of a diverse range of
mesoherbivores such amphipods and isopods, macroherbivores such as fish and urchins,
and megaherbivores such as turtles and dugong. Each group of herbivore has a different
feeding strategy and all herbivore groups can act individually and interactively to structure

seagrass meadows.

At both of the seagrass locations | studied, megaherbivory had the largeddwiop
structuring impact on the meadow. However, the way megaherbivores structured the meadow
was quite different between sites. My exclusion experiment that looked gtoaps of
herbivores in Gladstone showed megaherbivores structured the meadow here with no
measurable impacts of, or interactions with, any other herbivore groups, and that this impact
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was relatively urform across the entire meadow (ChapterStettet al. 20213. At Green

Island, the dramatic, localised impacts of green turtle grazing plot formation were evident
(Chapter 4 Scottet al. 2020) and although macroherbivory was taking place, the impacts on
overallmeadow structure were minimalt{@pter 5- Scottet al, 2021b). Although I did not

detect an impact of megaherbivory on the seagrass community structure at Green Island, it is
likely that the formation of grazing plots, and movement between these, has shaped the

seagrass community over a longjerescale.

In my interactive study, mesoherbivores did not have a large impact on seagrass meadow
propertiesor epiphyte load in Gladstone (Chapter Scottet al, 20213. This is a somewhat
surprising result given the importance of mesoherbivores in maintaining healthy seagrass
meadows in other parts of the world (Huglesal, 2004) While | did not measure the
mesoherbivore epiphyte interaction at Green lIsland, Hoffrmetnal. (2020) found that
excluding mesoherbivores resulted in an 89% increasepiphyte load on the seagrass
meadow, so it may well be an important factor in maintaining seagrass meadovesdere
elsewhere on the GBR. The importance of the mesoherbivore epiphyte consumption pathway
may depend on the population dynanoé¢$oth consurars and resources in the meadow in
guestion(Myers and Heck, 2013)n Gladstongthe abundance of both mesoherbivores and
epiphytes was very low and there was no interaction between these, whereas at Green Island
the abundance of both were higher and the interaction between the two was important. In my
study locations and in much of the coastal GBR, high nutrient leveieeasgally not a major

issue and hence epiphyte overgrowth is not a profieseagrass survival (Carruthetsal,

2002) Thus theimportance of mesograzing on epiphyéesl hence seagrass meadow health
may be reduced heoemmpared with higher nutrient locations

The overwhelming impact of megaherbivory that | observed at both of my study sites fits
with other studies carried out oeagrassnegaherbivore dynamics (Christianetnal., 2014;
Fourqurearet al, 2019; Heithaus et al2014; Lal et al.2010; Thayer et 311984) But this

is not always the prevailing dynamic, other studies which excluded multiple herbivore groups
in areaswith megaherbivores present, found a larger impact of mesoherbivores and
macroherbivores than megaherbivores on the meadow (Bessgy2016; Ebrahim et al.

2014) My results show that paradigms adopted for seadnedsvore dynamics are not
universdly applicable as the range of seagrass meadow settings and systems is diverse and
complex, and universal paradigms rarely capture this diversity.
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Spatial and temporal variability

The impacts of herbivory are not constant and will vary over space aaddue to both
herbivore foraging behaviour and seagrass responses to herbivory pressure, along with other
drivers of seagrass change. Ihapters 3 and 4 Scottet al, (2020, 20213)1 observed
contrasting megaherbivore feeding strategies between Gilead and Gladstone. At Green
Island, green turtle grazing was targeted in small patches of the meadow and caused dramatic
losses of both above and below groundrass within these patchesh@pter 4 Scottet al,

2020). Whereas in Gladstone, megaherbivores grazed broadly across the meadow as a whole,
causing the meadow to exist a lower biomass state (Chapter Fcott et al, 2021a.
However, this pattern of megaherbivory in Gladstone was found to differ among the
meadows in the region, and abketveen years at South Treesh@pter 6). Macroherbivory

(by fish and urchins) was also variable over time and between the seagrass meadows at Green
Island (Qhapter 5 Scottet al, 2021h, throughout much of the year rates of macroherbivory
were very low, bt in peak months almost half of seagrass productivity was removed by

macroherbivores.

My findings emphasise the needacknowled@ variability in seagraskerbivore interactions
in studies that are carried out on smaller temporal or spatial scalesllylonflerstand the
plantherbivore dynamics in operation in one location, an understanding of the broader spatial

and temporal dynamics in herbivory would be required.

The role of a balanced seagrasiserbivore system

In Chapter 2 (Scotet al, 2018) 1 hypothesise that a balanced seagtambivore system,

where moderate levels of grazing take place but seagrass meadow structure is still
maintained, could maximise the delivery of a broad range of seagrass ecosystem services.
Understanding more about theptherbivore interactions in GBR seagrass meadows allows

us to test the conceml model that | presented irh@pter 2 and how herbivory potentially
modifies the delivery of ecosystem services. The data | presertapté&s 3% show how
herbivores can naify seagrass meadow structure and alter the provision of food for other
herbivores in two locations. Based on my findings frohm@ers % these two locations

could be seen to occupy different positions on the seagesbs/ore scale, shown in kige

7.1. Green Island represents a balanced system, whereas the lower biomass grazed meadows
in Gladstone are more megaherbivore dominated. In the balanced system at Gregwdsland
have seen higher levels of macrolmesby (Chapter 5 - Scott et al, 2021 and
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mesoherbivory(Hoffmann et al, 2020) than in the megaherbivore dominated system in
GladstongChapter 3Scottet al, 2021a) We also see the patterns in seagrass characteristics
at Green lIsland have higher biomass and more diverse meadow predioted lhalanced
systemin the conceptual model, and Gladstone has a iweenass, lowediversity meadow
characteristic of a megaherbivore dominated system.
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Figure 7.1: Conceptual diagram from Chapter 2dtset al, 2018) modified to show where my two
study sites fit within this conceptual framework
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Management implications

One of theolder prevailing paradigms in seagrass ecologyggested that seagrass
populations are predominantly controlled by botigmabiotic factors such as light levels,
nutrient availability and water temperatur@élentine and Heck, 2020)Vhile these are
undoubtedly important structuring influences, my studied other emerging research from
around the worlde.g.Christianeret al, 2014; Fourqurean et aR019; Heithaus et al2014;
Hoffmannet al. 2020,Lal et al, 2010Pagé<et al, 2018)are highlighting the importance of
various herbivore groups in controlling seagrass meadow distribution and function. This
bottomup paradigm is now shifting to also recognise and incorporate the significant top-
down influence of herbivory in controlling many seagrass populations (Heck and Valentine,
2007; Valentine and Heck, 2020h the GBR settingthere are a range of management and
monitoring measures in place that focus on these baifprabiotic factors for seagrass,
including efforts to reduce nutrient and sediment inputs (Australian Government and
Queensland Government, 201ahd management of acute anthropogenic impactsctrat
reduce light such as dredging (Chartratdal, 2016; Yorket al, 2015) However these
programs do not generally include the tgwn influence of herbivory on seagrass meadows
(Coleset al, 2015) my results show this is a critical component shaping at least some of the
GBR seagrass meadows and should be considered.

Management actions that modify the seagradserbivore system

This understanding of seagrasses and their herbivores is particularly relevant in modern
seagrass meadows where humans mod#pynof the aspects of the pladmrbivore system.

Green turtle conservation measures have been very successful in many locations around the
world leading to increases in population sizes, howebher predators that have historically
controlled green tukl numbers remain in decline (Chaloupiaal, 2008; Heithaus et al.

2014) This has allowed green turtle numbers to increase over and above historical levels in
many seagrass meadows, in some cases these populations exceed the carrying capacity of the
meadow, and in extreme cases overgrazing of seagrasses results in losses of meadows
(Christianenet al, 2014; Fourqurean et al2019; Heithaus et al2014; Lal et al. 2010)

Such declines due to green turtle herbivory create conflicts with people whorrehe
ecosystem services that seagrass meadows provide and are detrimental to the herbivores
themselvegArthur et al, 2013) Although there are large populations of green turtles in the

GBR, their numbers are not increasing rapidly, and the presétap-@own controls due to
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predation and indigenous hunting are likely maintaining turtle populations well below the
carrying capacity of the seagrass meadows (Limpus, 26i@8)ever, my research has shown

that megaherbivores in the GBR can have significant impacts on seagrass meadow structure
and while these currently appear to be part of a balanced system, management measures
should seek to maintain this and ensure it does not shift towards an overgrazed system.

Management actions to establish Marine Protected Areas also have implications for plant
herbivore dynamics in seagrass meadows. These impacts depend on the number of trophic
levels targeted by the protected area, for example where herbivores are protected and their
predators are not, higher abundances of herbivores increase grazing pressure and can cause
overgrazing(Ferrariet al, 2008; Fourqurean et aR019; Heithaus et al2014; Prado et al.

2008) Herbivores can aggregate in Marine Protected Aredwich also causes enhanced
seagrasgrazirg rates(Pradoet al, 2008)and overgrazing csome meadowgChristianeret

al., 2014) The GBR contains a network of Marine Protected Areas established in 1981, with
some areas such as Green lIsland protected for levger timeframes (Baxter, 1990)
however these protect both herbivores and some of their predators. Thepedoieors can

controlherbivorepopulations in the GBRNnd prevent overgrazing

Implications for assessing seagrass meadow condition

In the GBR and beyond there are a variety ofmitaoing projects that assess seagrass
condition based on aboveground seagrass metrics such as biomass, percent cover, or species
presentColeset al, 2015; Duffy et al. 2019) These metrics are used on a GBR wide scale

to understand the health of seagrass meadows and to track how the meadow status changes
from year to year. However, my research has shown that aboveground seagrass
characteristics in seagrass meadows can be heavily influenced tpitiewn control of
herbivory (Chapters 3, 4 and 6 Scdt et al, 2020, 2021a)A healthy, highly productive
seagrass meadow may have a low biomass if this productivity is being consumed by
herbivoresHowever,a similarly low biomass meadow that is not being grazed may indicate
decline and be in need of maeagent intervention due to other impacts such as declining
water quality. Understanding this dynamic is further complicated by the spatial and temporal
variability in both seagrass productivity and the pressure of herbivbwigpt€rs 5 and 6).

My research shows that seagrass meadows in the GBR should ideally be managed as a
coupled seagradterbivore system and monitoring of these meadows should incorporate the
top-down structuring influence of herbivory alongside the bottgmfactors already
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considered. Tis is particularly important in areas with high megaherbivore populations. The
challenge for scientists and managers is to take this knowledge and incorporate it into
management tools that consider seagrass meadows, hgitaimotic drivers and the top-
down pressure of herbivory populations. Quantifying and identifying the drivers of seagrass
change is a key challenge to overcome, and for the GBR is incomplete without including an
assessment of herbivory.

Interactions with other threats

Seagrass meadows are threatened by multiple stressors worldwidet(&tB006; Waycott

et al, 2009) many of these stressors are present in GBR seagrass meadows{GbJes

2015) and these can be particularly problematic when they interact with a meadow already
under grazing pressure. Where other stresswesact with grazing pressure to cause declines

in a meadow, this threatens the seagrass itself, the herbivore populations that graze on the
meadow, and both the people and adjacent ecosystems that rely on the ecosystem services
that the meadow provides.

In northern Australia, largscale losses of seagrass can be caused by cyclones and associated
flooding (McKenna et al, 2015; Rasheed et al2014; Rasheed and Unsworth, 2011)
Previous seagrass losses causedymjone activity have been followed by megaherbivore
starvation events (Marsh and Kwan, 2008; Preen and Marsh,. X88&)ng can change the
resilience of a seagrass meadow and alter the ability of a meadow to recover from these types
of disturbancegUnsworth et al, 2015) By understanding whether a seagrhsgoivore

system is in balance and the levels of grazing pressure present, outcomes of the interactions
with other stressors such as low light levels and habitat fragmentation can be better predicted
and managedChartrandet al, 2016; Gera et gl.2013) This is particularly important in
seagrass meadows in the southern GBR such as Gladstone which have been identified as
hotspots where multiple anthropogenic stressors could interact to threateasseagadows
(Grechet al, 2011)

115



Future research

Given the large, diverse seagrass meadows and the diverse populations of herbivores in the
GBR, it is surprising that we are only just beginning to unravel the complexhddtore
interactions that hee shaped these meadows throughout their evolutionary past and into the
present. My study was the first to quantify the impacts of herbivory in structuring GBR
seagrass meadows and has provided new insights into the impact of herbivores on seagrass
meadowsas well as how this varies spatially and temporally. However, -pleitivore
interactions are complex, and the GBR is a large and diverse system with multiple seagrass
communities- so there is still much to understand in terms of the impact of herbivores on

seagrass meadows and their ecosystem services within the GBR.
Understanding seagrass herbivory on a GBR wide scale

The GBR contains a diverse range of seagrass species and communities that are likely to be
grazedby herbivores.My research focussed amo locations in the GBR with different
seagrass communities present, however as | have established there is substantial variability in
seagras$erbivore interactions in differenteadow types and locations. Yoffers, comn).

have identified largecalevariability in megaherbivore grazing in 11 locatidhat span the

full 2500km length othe GBR, however there are still many meadows where interactions are
not understood. A useful avenue afure research would be examinimggadows with high
populatims of megaherbivores, particularly those meadows where declines have been
observed. More research on herbivory in other meadow types such as deep water seagrasses
would help to understand the value of and ecosystem services provided by these poorly
undersbod ecosystems.

Grazed plot dynamics

The formation of grazed plots has been documented around the world &hdpter 4 |
documented the formation of grazing plots by green turtles for the first time on the GBR
Subsequent work by Yorlpérs. commnhas siown that grazing plot formation is a repeated
behaviour at Green Island, but we know little about the dynamics of these grazing plots. In
other locations green turtles maintain grazing plots for longer periods of time and can move
between amosaic of graing plots (Johnsoret al, 2019; MolinaHernandez and van
Tussenbroek, 2014; Williams, 1988)nderstanding these grazing plot dynaniicthe GBR

would show the longerm impacts of this grazing behaviour on seagrasadows. Other
studies have shown thgtazing plot formation allows green turtles to feed on nutrient rich
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regrowth (Bjorndal, 1980; Moran and Bjorndal, 2007), future work should investigate
whether the same pattern is observed in the GBR and whether my observations relating to
green turtle dietary requirements are broadly applicabécking of megaherbivores can be a
useful tool to understand more about seagrass meadows (Hays2&18).,and this would

also show more about interactions between megaherbivores and seagrasses, including the

formation of, and movement between, grazing plots.
Links to seagrass productivity responses

Studies worldwide have shown a variable response of seagrass productivity to grazing
(Aragoneset al, 2006; Christianen et al2012; Fourqurean et al2010; Kekar et al,

2013a) Due to the narrow leaves of the seagrass blades in Gladstone and the almost complete
loss of grazed seagrass at Green Island, | was not able to compare seagrass productivity in
grazed and ungrazed treatments. Howether response of agrass productivity to herbivory
remains a key question worthy of further study in the GBR to establish the relationship
between herbivore pressure and seagrass produc@hnges in productivity will also have
implications for the ecosystem servicedivdwed by the meadow. More field studies, or
simulated grazing studies, would help to understand the response of GBR seagrass

productivity to herbivory.
Quantifying the carrying capacity of GBR seagrass meadows for megaherbivores

Many meadows in the GBR are under high megaherbivore grpa#sgure and may exist in

a megaherbivore dominated state, so understanding the numbers of megaherbivores these
meadows currently support, and have the capacity to support, would aid in management. By
assessing the seags productivity in an area and how much of this is consumed by
megaherbivores, assessments of carrying capacity can help to predict andquengrazing

of meadows, patrticularly by green turtles. Intensive seagrass and megaherbivore surveys in
meadowsthat have been identified as megaherbivore dominated systems would help to
establish if these grazing levels are sustainable.

Understanding seascape benefits of seagrass productivity export by herbivores

The GBR is made up of connected coastal ecosystems with mangroves, seagrass meadows
and coral reefs existing in close proximity to one another. Understanding how herbivores
move seagrass productivity between these habitats would give a seascape understanding of
the role of herbivory in the GBR. In many &ons these habitats are adjacent to one

another, so many species are likely to rely on multiple habitats, including seagrass herbivores.
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A more general seascape level study of the links between the usage of these habitats is
warranted, and the role of herbivores would be a particularly interesting element of such a

study.
Links and trade-offs with ecosystem service delivery

In Chapter 2 | identified the role that herbivory plays in ecosystem service delivery in
seagrass meadows, and while | had hoped to directly test theseoffsade-ecosystem
service delivery for carbon storage ihdpter 6, my longerm field study was not successful

in achieving this due to field equipment difficultidsowever the question of the tradsts

in ecosystem service likeery caused by herbivory remains important for management. Future
researclcould identify and quantify the tradeffs in ecosystem service delivery caused by a
herbivore dominated system to test the conceptual model set cuhteC 2.

Developing management tools to incorporate the tegdown influence of herbivory

Research into plastiterbivore dynamics in seagrass meadows is highly relevant from a
management perspective, however we currently lack the information to easily incorporate this
research intamanagement and monitoring in the GBR. Future work should identify how
managers and traditional owners can undertake integrated seagnaissre monitoring and
develop tools that help to easily and accurately classify meadows accordingreoFiy
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Concluding remarks

The role of herbivores as ecosystem engineers in seagrass meadows worldwide is well
established, however no studies had tested the impact of herbivory on the diverse and
extensive seagrass meadows found in the GBR. My research has quantified for the first time
the role of herbivores in structuring GBRagrass meadows with the following key roles of

the herbivore community

X The herbivore community in the GBR structures tropical and subtropical seagrass

meadows.

x Megaherbivores have the largest impact on seagrass meadow structure, but the scale and
type of the impact depends on how megaherbivores graze.

X In the GBR meadow | studied, the mesoherbivepgshyte dynamic seems to be less

important in structuring and maintaining the meadow thamhardocations.

X Macroherbivores are present but are not consuming large amounts of seagrass

productivity, or impacting seagrass structira highly protected meadow.

x Macroherbivory and megaherbivory are variable over space and time so the impacts on
theseagrass meadow are not easy to predict.

X Herbivory that structures seagrass meadows is also likely to modify ecosystem service

provision by a meadow.

X The reductions in seagrass above and belowground biomass caused by megaherbivore
grazing could change the quality of the seagrass meadow as a foraging ground for other
herbivores as well as altering the delivery of other ecosystem services in these meadows.

My research has presented novel findings that add to the global literature eheplanbre
dynamics m seagrass meadows. The role of megaherbivores as ecosystem engineers in these
meadows has long been suspected, but has been quantified for the GBR for the first time in
my study.

These findings have applications for informing management and monitorisgagfasses
and their herbivores and suggest that these should be considered as a coupled seagrass
herbivore system. A greater understanding of the {dlarttivore interactions in GBR
seagrass meadows is essential in the face of multiple stressors and worldwide seagrass

declines, to conserve GBR seagrass meadows, and the herbivores who rely on them.
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Table A.1: Mean numbers and size ranges of fish and decapods caught at the site using a
small beam trawl (2 mm rsé) in the seagrass meadow (See Jinks.e2@19). Fish species

have been divided into trophic groups based on feeding preferences. This trawl targeted fish
in the 1 -5 cm range.

Species and clasBcation Msspl%%mnger St:rr;g?rd Size range
Carnivore
Ancistrogobius yoshigoui 6.50 2.79 1-4cm
Atherinomorus endrachtensi 0.09 0.09 5cm
Eleutheronema tetradactylun 0.09 0.09 1-5cm
Gerreidae sp. 1 1.86 1.86 2.5cm
Gerressubfasciatus 0.06 0.06 5cm
Lethrinusspp. 38.25 8.76 2-3cm
Photopectoralis aureus 0.06 0.06 1-4cm
Platycephalus endrachtensis 0.06 0.06 15cm
Pomadasys maculatus 0.26 0.26 3.5cm
Sillago maculata 0.19 0.19 2cm
Tetraroge barbata 0.26 0.17 2-3cm
Herbivore
Siganus fuscescens 7.85 1.37 2-5cm
Omnivore
Crab sp. 0.06 0.06 1cm
Fangblenny sp. 0.09 0.09 1.5-4cm
Fish sp. 11 0.09 0.09 lcm
Fish sp. 12 0.09 0.09 1cm
Fish sp. 16 0.06 0.06 3cm
Fish sp. 4 0.17 0.17 1.5cm
Helotes sexlineatus 0.29 0.18 3.5-6cm
Metapenaeusp. 4.68 2.96 2-3cm
Pelates quadrilineatus 1.88 1.05 1-3cm
Penaeusp. 3.30 3.20 3-6cm
Prawn spp. 17.79 3.40 1-3.5cm
Swimmer crab sp. 0.33 0.26 2cm
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Table A.2: Mean aboveground bioss (gDW/m) and standard error for all treatments at the
start of the gperiment inAugustand end in November.

Start End

Treatment Average biomass Standard| Average biomass Standard
gDW/n? error gDW/n? error
Control 15.8 0.4 16.9 0.2
Plaster 14.1 0.3 17.7 0.2
Carbaryl 14.0 0.2 18.7 0.1
Macro frame 15.2 0.6 18.7 0.4
Macro cage 16.8 0.7 28.5 0.8
Macro cage plus carbaryl 18.8 0.9 375 0.9
Mega cage 13.2 0.3 30.4 0.9
Mega cage plus carbaryl 16.2 0.7 32.1 1.1
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Figure A.1: Multidimensional scalingutput of mesoherbivore species recorded in each
treatment.
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Figure B.1: Total daily photosynthetically active radiation in control and megaherbivore

cages

Figure B.2: Mean shoot counts of all species in megaherbivore cage and control plots at all
sites at the start (Aug) and end (Nov) of the experiment
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Table B.1: Details of percentage similarity (SIMPER) analyses for seagrass species between
sites. Av Contrib. % is the percent contribution of a species to the Groups average similarity
(Group Av. Sim.)/dissimilarity (Group Av. Diss.); Av. Abund is the average abundance of
each species in a group; Cum.% is the cumulative percent contribution of multiple species to
Group Av. Sim. The pairwise corapson with the asterisk indicates the groups that were not
significantly different in the PERMANOVA analysis.

Group AV
Site Av. Species Av. Abund Sirﬁ Sim/SD Contrib.% Cum.%
Sim.
S. isoetifolium 17.52 33.55 4.67 42.63 42.63
1 78.69 H. uninervis 12.38 26.82 4.79 34.08 76.72
C. rotundata 7.77 16.21 2.86 20.6 97.31
S. isoetifolium 16.58 30.86 1.93 40.16 40.16
2 76.86 H. uninervis 12.04 28.27 4.76 36.78 76.94
C. rotundata 7.17 15.05 2.15 19.58 96.51
S.isoetifolium 14.56 40.89 8.41 51.88 51.88
3 78.83  C.rotundata 7.96 2053 331 26.04 77.92
H. uninervis 6.04 13.99 2.42 17.74 95.66
Group
Sites  Av. Species Av. Abund AV. Diss/SD Contrib.% Cum.%
Diss. Group1 Group2 Diss
S. isoetifolium  17.52 16.58 11.13 1.47 51.6 51.6
1,2* 21.57* H. uninervis 12.38 12.04 4.29 1.37 19.87 71.47
C. rotundata 7.77 7.17 3.92 1.28 18.16 89.63
H. uninervis 12.38 6.04 9.95 1.57 39.42 39.42
1,3 25.23 S.isoetifolium 17.52 14.56 9.1 1.19 36.05 75.46
C. rotundata 7.77 7.96 4.55 1.25 18.05 93.51
S. isoetifolium  16.58 1456 11.09 1.59 39.78 39.78
2,3 27.87 H. uninervis 12.04 6.04 9.68 1.64 34.72 74.5
C. rotundata 7.17 7.96 478 1.37 17.16 91.66
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Total daily PAR mol m? d
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Figure C.1. Total daily light in control and caged plot

Figure C.2. Blacktip reef shark captured on video.
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