diversity

Article

Spatial and Temporal Patterns in Macroherbivore Grazing in a
Multi-Species Tropical Seagrass Meadow of the Great

Barrier Reef

Abigail L. Scott 12*, Paul H. York ! and Michael A. Rasheed 2

Citation: Scott, A.L.; York, P.H.;
Rasheed, M.A. Spatial and Temporal
Patterns in Macroherbivore Grazing
in A Multi-Species Tropical Seagrass
Meadow of the Great Barrier Reef.
Diversity 2021, 13, 12. https://doi.org/
10.3390/d13010012

Received: 19 November 2020
Accepted: 28 December 2020
Published: 2 January 2021

Publisher’s Note: MDPI stays
neutral with regard to jurisdictional
claims in published maps and

institutional affiliations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license
(http://creativecommons.org/licenses/by/
4.0/).

1 Centre for Tropical Water and Aquatic Ecosystem Research (TropWATER), James Cook University,

Cairns, QLD 4870, Australia; paul.york@jcu.edu.au (P.H.Y.); michael. rasheed@jcu.edu.au (M.A.R.)
2 College of Science and Engineering, James Cook University, Cairns, QLD 4870, Australia
Correspondence: abbi.scottl@jcu.edu.au

Abstract: Macroherbivory is an important process in seagrass meadows worldwide; however, the
impact of macroherbivores on seagrasses in the Great Barrier Reef (GBR) has received little
attention. We used exclusion cages and seagrass tethering assays to understand how the intensity
of macroherbivory varies over space and time in the seagrass meadows around Green Island
(Queensland), and what impact this has on overall meadow structure. Rates of macroherbivory
were comparatively low, between 0.25-44% of daily seagrass productivity; however, rates were
highly variable over a one-year period, and among sites. Loss of seagrass material to
macroherbivory was predominantly due to fish; however, urchin herbivory was also taking place.
Macroherbivory rates were of insufficient intensity to impact overall meadow structure. No
macroherbivory events were identified on video cameras that filmed in the day, indicating that
feeding may be occurring infrequently in large shoals, or at night. While relatively low compared
to some meadows, seagrass macroherbivory was still an important process at this site. We suggest
that in this highly protected area of the GBR, where the ecosystem and food webs remain largely
intact, macroherbivory was maintained at a low level and was unlikely to cause the large-scale
meadow structuring influence that can be seen in more modified seagrass systems.

Keywords: seagrass ecosystem; herbivore; plant-herbivore interactions; grazing; fish; sea urchin;
Marine Protected Area; Great Barrier Reef

1. 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 [1]. 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 [2,3]. On a global scale,
consumption of seagrass material is relatively low; however, in the tropics, grazing rates
can be much higher [4]. Grazing of seagrasses by megaherbivores (e.g., green turtles and
dugong) is an important process in tropical regions, such as the Great Barrier Reef (GBR),
and can have large-scale impacts on seagrass meadows [5-7]. However, we know less
about the impacts of macroherbivores (e.g., fish and urchins) on GBR seagrass habitats.

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, they can consume over 10 times the daily productivity [8-10]. In tropical seagrass
meadows, estimates of macroherbivore seagrass consumption range from as little as
3-26% of daily seagrass productivity [11-14], up to 10 times daily productivity at times
[15], with grazing dominated by herbivorous fish [11,12]. Urchin herbivory can be high in
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temperate environments, where urchins can consume over 80% of aboveground seagrass
biomass [16,17]. 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 tropical meadows [18,19].

The intensity of seagrass grazing by macroherbivores varies 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 [9,10,20].
Seasonal changes mean macroherbivores can impact meadow establishment and
recovery to different degrees at certain times of year [21,22]. Macroherbivory also
changes on local and landscape spatial scales. This variability can be due to
location-specific factors, e.g., sheltered sites can have five times the losses from
macroherbivory than meadows exposed to prevailing winds [23]. More complex
seascapes can also have higher populations of macroherbivores with increased rates of
macroherbivory [15], e.g., scarid fish grazing can double in seagrass meadows that are in
proximity to mangroves [24] and reef associated fish can feed in halos around reefs
[25,26].

In some locations, the results of macroherbivore grazing can lead to substantial
changes in seagrass meadow structure, particularly when grazers are present in large
numbers, aggregate in groups, or where top-down controls are removed. High
macroherbivore grazing rates can result in seagrass meadows with higher shoot densities
[27], less aboveground seagrass material [17,27], lower rhizome sugar content [27], losses
of belowground material [17,28] and lower flowering intensity [27]. 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 macroherbivores overgraze meadows [29,30]. These losses in
meadow function due to herbivory can have implications for the ecosystem services
delivered by a seagrass meadow [17,28,29,31,32]. 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, macroherbivory can reduce meadow structure and
increase predation risk for urchins [33,34].

In multi-species seagrass meadows, macroherbivores may show a preference for a
given species of seagrass and can impact establishment of fast-growing species
[14,21,35,36]. In some cases, macroherbivores can show a grazing preference based on
nutritional characteristics of the plant [8,35,37-39], but this is not always the case [9], and
the availability of seagrass can be the most important factor influencing grazing [15].

The GBR consists of a network of Marine Protected Areas (MPAs) that offer varying
levels of protection to habitats and fauna, from exclusive no-take zones, through to areas
where most forms of fishing are allowed [40]. We know that MPAs can have a strong
influence on macroherbivores through modification of top-down controls that can result
in both positive and negative outcomes for seagrass meadows that may differ for fish and
urchins [21,27,41-43]. 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 [7]. However, our understanding of other meadow
types and locations in the GBR is limited, especially for areas that have the highest level
of protection. This is surprising given the focus on macroherbivores in reef systems,
where they play a key role in maintaining GBR reef resilience and promoting coral
recovery [44-47].

In this study we examine patterns of macroherbivory over a year in a multi-species
tropical seagrass meadow in Green Island (Queensland, Australia), one of the oldest
no-take MPAs on the GBR [40,48]. Green Island is home to a diverse fish and invertebrate
community, many of which are herbivorous or omnivorous, with a diverse piscivorous
fish population also present [49]. We established macroherbivore exclusion experiments
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to test whether macroherbivory at this site was having an influence on seagrass meadow
structure. We also used seagrass tethering assays to test how macroherbivory varies over
space and time around Green Island and used tethers and meadow cores to test whether
macroherbivores showed a preference for a given species of seagrass in this multi-species
meadow.

2. Materials and Methods

2.1. Study Site

Experiments were conducted at three sites within intertidal and shallow subtidal
seagrass meadows around Green Island, a vegetated coral cay 27 km off the coast of
Cairns, Queensland, Australia (Figure 1). Green Island is one of the oldest MPAs on the
GBR and was first protected in 1937 then declared a Marine National Park in 1974; since
then, no fishing has been permitted around the island [40,48]. The seagrass here is
diverse, with 10 species found around the Island [50,51], and a range of macroherbivores.
There are four species of siganid found around Green Island and adults of both shoaling
species present, Siganus fuscescens and Siganus lineatus, have been shown to feed on
seagrass as an important part of their diet [52]. Visual census surveys around Green
Island have found 14 species of parrotfish and herbivorous surgeonfish [49]. Sea urchins
are also present in the meadows at Green Island, Diadema spp. have been recorded
around the coral reef [48], and the authors have observed Tripneustes gratilla in the
seagrass meadow. Differences in the characteristics between the sites examined in this
study at Green Island are outlined in Table 1. The sites were comprised of six species;
Cymodocea rotundata, Cymodocea serrulata, Halodule uninervis, Halophila ovalis, Syringodium
isoetifolium and Thalassia hemprichii. There are limited seasonal fluctuations within this
meadow. For sites 1 and 3, the exclusion cages and tethers (see below) 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 of higher canopy height and shoot density.

2.2. Exclusion Cage Experiments

Manipulative field experiments to exclude macroherbivores were carried out at sites
1, 2 and 3, shown in Figure 1 and described in Table 1. Macroherbivore exclusion cages
were made from a modified 1 m diameter x 0.5 m high crab pot that was covered in 10
mm monofilament mesh (Figure 2). 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
controls—macroherbivore exclusion cages with holes cut in the sides to allow
macroherbivores to access the seagrass (Figure 2). Treatments were arranged
haphazardly in the grid and plots were 2 m apart.
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Figure 1. Map of study sites.

Table 1. Characteristics of the different sites used in this study.

Site Spec1?s. Depth Me.ean Aboveground Mean. Shoot Habitat Experiment
Composition Biomass/gDW m~2 Density/m2
o Srommdate g 5 2138 1605 n Cages and
T. hemprichii meadow tethering
5 H. oval?s ) 0-2.5 131 1208 In reef Cages
T. hemprichii m patch
C. rotundata 0-2.5 In
- - Tetheri
2 T. hemprichii m meadow ethering
C. rotundata
C. serrulata
3 Huninerois  1-3m 1813 8649 In Cages and
meadow tethering

S. isoetifolium
T. hemprichii

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 for the first
month of the experiment using 27t cosine-corrected irradiance loggers (Submersible
Odyssey Photosynthetic Irradiance Recording System, Dataflow Systems Pty. Ltd.,
Christchurch, New Zealand) calibrated using a cosine corrected Li-Cor underwater
quantum sensor (LI-1905SA; Li-Cor Inc., Lincoln, NE, USA) and corrected for immersion
using a factor of 1.33 [53]. Loggers measured photosynthetically active radiation (PAR)
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and recorded readings every 15 min, these readings were used to measure total daily
light (mol photons m=2 day™") reaching the seagrass in both cage and control plots.

At the end of the seven-week exclusion experiment, an 11 cm diameter (10.6 cm
internal diameter) core sample was taken from every cage, control and procedural
control plot under a marine park permit (G17/38934.1). These cores were stored in the
freezer and processed in the lab for aboveground biomass, shoot counts and counts of
fish bite marks and urchin shreds. Samples were gently defrosted in the lab and above
and belowground 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.

2.3. Tethering Experiments

Seagrass tethering experiments were used to quantify macroherbivory over time
using an established technique detailed below [9], modified by changing the length and
type of rope, number of seagrass shoots and duration of time in the meadow. Tethering
experiments were carried out at sites 1, 2a (from August onwards) and 3 shown in Figure
1 and Table 1 every 2 months from June 2019 to April 2020. These experiments used the
two most common species across all three sites; C. rotundata and T. hemprichii. Both
species were collected from the meadow at each site by selecting blades that were not
heavily covered in epiphytes (to ensure all blades were similar and minimise the
likelihood that herbivores would select or avoid blades) or with signs of grazing and
arranged in tethers. Each tethered shoot was made up of two outside blades and one
middle blade of the seagrass taken from the same meadow and from the same shoot
where possible [15]; all blades were photographed before being spliced into a 30 cm rope
(the tether). Each tether had two shoots of C. rotundata and two shoots of T. hemprichii
spliced into it; these tethers were pegged into the seagrass meadow with the same
orientation and shoot height as the surrounding meadow (see Figure 2). Ten tethers were
placed in the seagrass meadow at each site in two rows of five; tethers were separated by
0.5 m and the two rows of tethers were 0.5 m 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 Image] [54]. Photos were also used to count bite marks and
categorise these as: urchin shreds, large fish bites (>5 mm), small fish bites (<5 mm) or
megaherbivory by green turtles (see Figure 2). Shoots were frozen and subsequently
weighed in the lab following drying in an oven at 60 °C for four days.

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 min at each site and two recordings were carried out at all
sites on days one and two of tether deployment where tidal conditions allowed. All
footage was viewed to look for the presence of herbivores. For three camera deployments
per site per sampling event, a random 15 min section of video was watched in detail and
all fish were identified and the number in that section of video was recorded along with
the MaxN (maximum number of individuals in a frame) [55].

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
halfway up the leaf sheath and then harvested after 1-3 weeks; new growth was weighed
in the lab and calculated as mg Dry Weight (DW) d-' per shoot to enable comparisons
with losses from tethered shoots [56]. Shoots were examined for signs of herbivory, and
any that showed losses due to green turtle cropping were excluded from analysis. To
compare productivity measurements 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.
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Figure 2. (a) Macroherbivore exclusion cages; (b) procedural control cages that allowed macroherbivores to access
seagrass (with one of the holes outlined); (c) tethers deployed in the meadow; (d) fish bite marks seen on tethered
seagrass with urchin shred mark (d-inset).

2.4. Statistical Analysis

All data were analysed using a generalised linear model (GLM) using R v.3.5.2. [57]
and model outputs were plotted using ggplot2 [58]. Exclusion cage data were analysed
using a GLM with a gamma distribution and log-link, site 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 [59] and a GLM with a negative binomial distribution and log-link with site,
seagrass species and month included as fixed factors with the response variables total
bite marks and surface area lost to macroherbivory. An F-test was used to determine the
significance of each variable in the best-fit model using the anova() function in R.
Post-hoc analysis was conducted to compare treatment groups using a Tukey test in the
emmeans package [60]. If a variable was not significant in the ANOVA, this was
excluded from the model in the post-hoc 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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3. Results

Macroherbivore grazing at Green Island varied throughout the year and between
sites, in terms of the amount of seagrass consumed (Figure 3a). Numbers of bite marks on
tethers also varied over space and time, but not between seagrass species. Peaks in
herbivory were being driven by numbers of fish bite marks rather than urchins (Figure
3b). Macroherbivores consumed between 0.25-44% of aboveground daily seagrass
productivity (Table 2). There was a difference in the weight of seagrass lost to herbivory
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 3a).
However, results from the analysis of cores across the meadow as a whole show that less
common seagrass species such as H. ovalis and C. serrulata may be targeted by fish grazers
at Green Island (Figure 4). Despite being present, macroherbivores did not measurably
impact seagrass meadow properties such as shoot density, aboveground biomass and
species composition within the meadow (Figure 5).

3.1. Rates of Herbivory

Loss of seagrass material on tethered seagrass throughout the year differed between
sites (F2283=32.08, p < 0.001), months (Fs283=3.74, p = 0.002) and species (F1220=9.05, p =
0.003) with an interaction between site:month (Foz27z = 32.08, p < 0.001). Losses to
macroherbivory were lowest at site 2 throughout the year, and highest at site 3 in the
August/October peak (Figure 3a). Post hoc analysis showed differences between the two
seagrass species on the tethers at site 3 in August and site 2 in October (p < 0.05), where
losses of T. hemprichii were higher than C. rotundata. There was no difference between
months at sites 1 or 2, but site 3 had higher losses to herbivory in October than June.

3.2. Spatial and Temporal Variability in Herbivory

The total number of fish, urchin and turtle bite marks per tether differed between
sites (F2333=32.28, p < 0.001) and months (Fs333=5.86, p < 0.001), but not between seagrass
species (F132=2.78, p = 0.52) (Figure 3b). There was an interaction between site and
month regarding the total number of bite marks on tethers (Fis2 =278, p = 0.002).
Herbivory peaked at all sites in October, with a second peak occurring at site 1 in June
(Figure 3b).

Post-hoc tests showed that within site 1, bite marks were fewer in April than the
June and October peaks. Within site 2, there were no differences between months, and
within site 3, there were fewer bite marks in June than the peak months of August and
October. Throughout most of the year, bite marks were highest at site 3 and lowest at site
2. The only months with no differences in bite marks between 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 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.

3.3. Proportion of Productivity Consumed

The amount of seagrass productivity consumed by macroherbivores varied
depending on the time of year and species of seagrass and ranged between 0.25 and 44%
of seagrass productivity (Table 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 2).
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Figure 3. Seagrass loss (mgDW) per tether due to macroherbivory (turtle 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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Table 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 + SE.

. Productivity Seagrass Consumption  Productivity Consumed by
Site Season Species .
(mg day! shoot™?) (mg day! shoot™?) Macroherbivores
Wet C. rotundata 1.68 + 0.56 0.21+041 8-25%
T. hemprichii 1.57 +0.56 0.15+0.29 6-13%
! Dry C. rotundata 1.32+0.48 0.19+£0.28 4-30%
T. hemprichii 1.63+0.93 0.30 £0.45 13-23%
Wet C. rotundata 1.68 + 0.56 0.02 £ 0.06 1-2%
) T. hemprichii 1.57 +0.56 0.06 £0.15 0.25-11%
Dry C. rotundata 1.32+0.48 0.13+0.44 1-30%
T. hemprichii 1.63+0.93 0.09 £0.26 1-13%
Wet C. rotundata 1.68 + 0.56 0.27 £0.36 4-25%
T. hemprichii 1.57 +0.56 0.30+£0.39 7-44%
3 Dry C. rotundata 1.32+0.48 0.07 £0.12 2-11%
T. hemprichii 1.63+0.93 0.26 £0.46 3-33%

3.4. Identity of Macroherbivores
The herbivores responsible for bite marks on the tethers were not observed on the

over 70 h of remote video footage. The only herbivorous fish seen were small siganids
(Table B1); no urchins were seen on the cameras, but were occasionally observed in the
meadow during this study. Siganids were observed on the video footage in very large
numbers at site 3 in February (see Table B1 MaxN values); however, the majority of these
were juveniles.

3.5. Species Preference

Bite mark data from all seagrass species in the control plots at the end of the
exclusion experiment were analysed to look for overall patterns in seagrass species
preference in this diverse meadow (Figure 4). There was no difference in the number of
bite marks between C. rotundata and T. hemprichii at site 1 F15=1.72 (p = 0.231), which was
also supported by comparing these two species in the tethering experiment. At site 2, H.
ovalis had more bites per blade than T. hemprichii F19=3.63 (p = 0.09), and at site 3, C.
serrulata had more bites per blade than C. rotundata and H. uninervis F213=4.83 (p = 0.03).
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Figure 4. Bites per seagrass blade in control plots of all species found at all sites.

3.6. 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 (F247=0.5 p = 0.6), belowground biomass (F24 = 0.6 p = 0.5) or shoot density (Fz49
= 0.04 p = 0.9). There was no effect of excluding macroherbivores in the lower seagrass
density area within the meadow at site 2 and the exclusion cages did not have an impact
on the seagrass meadow. While there were no differences caused by macroherbivory,
there were differences between site in aboveground biomass (Fi49 = 76.9, p < 0.001),
belowground biomass (Fi47 = 83.2, p < 0.001) and shoot density (Fis = 56.13, p < 0.001).
Aboveground biomass was lowest at site 2 (Figure 5a), shoot densities were lowest at
sites 1 and 2 (Figure 5b) and belowground biomass was lowest at site 2 (Figure 5c).

While insufficient to cause a change in overall seagrass biomass in treatments, the
analysis of bite mark numbers in seagrass blades revealed a difference in the number of
bite marks between treatments (F24s = 9.1, p < 0.001) and between sites (Fis0 = 35.5, p <
0.001), and there was a site by treatment interaction (F246 = 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 bite marks overall (Figure 5d). Light logger data show that cages did not reduce
the total daily PAR reaching plots (Figure Al).
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Figure 5. Aboveground biomass (a), shoot density (b), belowground biomass (c) and bite marks per core (d) in all
treatments at all sites at the end of the exclusion cage experiment.

4. Discussion

This study examined macroherbivory in a tropical multispecies seagrass meadow in
the Great Barrier Reef. Macroherbivory varied greatly both spatially 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 large-scale
detectible impacts to seagrass meadow structure and biomass. Macroherbivores 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 meadows [8-10] and compared with studies from some other
tropical locations where macroherbivory can be up to 10 times daily seagrass
productivity [15,61]. 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 [11,12] and to herbivory rates found
worldwide [62]. As macroherbivory at Green Island appeared to be highly variable, there
may be peak grazing events that we did not observe during the timeframe of our study,
where a larger amount of seagrass productivity is removed. Targeted grazing by signaids



Diversity 2021, 13, 12

25 of 20

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 seagrass flats (close to site
1 in this study), where they feed [52].

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 h period can be
between 6-36% [63], but these rates can vary depending on the type of macroherbivore
present [46]. Siganids are important herbivores on GBR reefs; however, they have very
low rates of herbivory on seagrasses [64].

Green Island is one of the oldest MPAs in the GBR [40,48]. In other parts of the
world, protected areas have been shown to modify macroherbivory and result in
increased herbivory inside MPAs [19,43,65]. This may occur because of the number of
trophic levels in the food web being protected. For example, where apex predators are
functionally extinct and only three trophic levels are present, MPAs release fishing
pressure on piscivores and result in reduced macroherbivore populations or changes in
behaviour [66]. 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 [42,67]. In the case of Green Island, it is
possible that because top-predators are also protected, larger fish and sharks are able to
exert top-down control on the herbivore populations here and modify their feeding
behaviour [68]. Large predatory fish and blacktip sharks were frequently observed in the
seagrass meadows at all sites and all times of year throughout the duration of the
experiment and on the video footage collected during the study (e.g., video S1). A lack of
top-down control due to overfishing of herbivore predators has been shown to contribute
to overgrazing by macroherbivores in other locations [69] and presence of predators can
control macroherbivore populations [61,66]. The presence of predators can also modify
the feeding behaviours of megaherbivores over space and time, based on their perceived
risk of predation [68,70,71] 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 [17,27,28,72], but is a similar pattern to other work
from the GBR, which found no impact of macroherbivores on seagrass meadow structure
[7]. In a previous study at Green Island, we identified the most important herbivore
modifying seagrass meadow structure is the green turtle, Chelonia mydas [5]. These
megaherbivores can graze intensively on small patches of seagrass within the Green
Island meadow and impact both above and belowground seagrass structure [5] and
mesoherbivores can impact epiphyte cover [73]. 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 place throughout the year at a lower
frequency. Urchins have also been found to be a lower contributor to macroherbivory in
other tropical and subtropical locations outside of Australia [12], particularly in areas
where fishing is prohibited [19,41].

No macroherbivores were observed directly feeding on tethers in over 70 h of video
collected in this experiment, and no large herbivores were seen in 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 were 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 sporadically. Previous
work at Green Island has shown that Siganus fuscescens and Siganus lineatus feed on
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seagrass as an important part of their diet, and they can move through the meadows here
in large foraging shoals [52]. Both urchins and siganids in tropical seagrasses and GBR
reefs can graze at night [13,74,75]. Although juvenile siganids are associated with the
Green Island seagrass meadows, they predominantly feed on turfing algae and animal
material within the meadow [52]. Fixed site surveys indicate a diverse suite of
herbivorous fish are present at Green Island, including scarids, siganids and acanthurids
[49]. The parrotfish genus Sparisoma, which cause high rates of seagrass loss in the
Caribbean and other areas, is not present in the Indo-Pacific [76], and although their
functional equivalents Calotomus spp. and Leptoscarus vaigiensis are rare in the GBR [76],
they have been shown to consume large amounts of seagrass in other areas in the
Indo-Pacific [15,61].

Although rates of herbivory were low overall, there was small-scale 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
herbivores [10,12,20]. At Green Island, the neighbouring coral reef habitat may play a key
role, as reef-associated 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
species [25,77,78]. Similar halos were observed around some reefs at Green Island but
were not investigated as part of this study. The depth of meadows is likely to 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 mid-depth subtidal
sites have higher macroherbivory [12,79] and larger herbivorous fish can occur deeper
than juveniles [61]. 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 [9,15].

Macroherbivores at Green Island did not show a preference for either C. rotundata or
T. hemprichii in the tethers; however, data from cores at the exclusion study sites showed
they consumed rarer species H. ovalis and C. serrultata at relatively greater rates when
they were present at sites. Macroherbivores in tropical seagrass meadows have been
shown to prefer opportunistic species such as C. rotundata over climax species such as T.
hemprichii [12,14,36]. In other tropical locations, fish have also shown a preference for the
faster growing Syringodium filiforme or Halodule uninervis over Thalassia species [11,80].
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. hemprichii [11].

5. Conclusion

This study found that macroherbivory was generally low in the multi-species
seagrass meadow at Green Island. Large fish, small fish and urchins all fed on seagrass
here, but this varied over space and time. Despite persistent feeding by macroherbivores
throughout the study, it was of insufficient intensity to cause large-scale structural
impacts to seagrass biomass, species composition or shoot density in the meadow. This
pattern may be characteristic of other GBR seagrass meadows where macroherbivores
are present; however, further studies are needed. Green Island is one of the oldest MPAs
on the GBR, where both macroherbivores and their predators are protected; this
top-down influence may be controlling rates of macroherbivory in this meadow, an area
worthy of further study. Although the level of macroherbivory was comparatively low at
Green Island, this is still likely to represent an important pathway for seagrass
productivity to enter the food web. This study supports other recent work highlighting
that tropical seagrass productivity provides an important component to food webs in the
GBR, but shows that this varies over space and time [5,7,81].
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Figure A1. Total daily light in control and macroherbivore cage plot.
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Table B1. Total number of fish observed on three 15 min camera drops per site per month with the maximum number (MaxN) in a frame shown in brackets.
Species Name ) June \ ) Augl;st \ ) Octozber \ ) Decezmber \ ) Febzruary , ) Ap;il ,
Ablennes hians 11(4) 1(1) 58(24) 1(1) 1(1) 44 (13) 1(1) 16 (9) 23(4)
Arothron spp 1(1) 1(1) 1(1)
Atherinidae 18 (11) 1(1)
Blenniidae 3(1) 3(1) 1(1) 2(2)

Caesionidae 12 (8) 3(1) 34 (7)

-

Caranx ignobilis 25 (12) 1(1) 1(1)

Caranx melampygus
Caranx papuensis 1(1) 2(1) 1(1) 7(2) 4(1) 2(1) 6(2) 29 (21) 1(1) 1(1) 19 (4)
Carharhinus limbatus 1(1) 1(1) 1(1) 1(1) 3(1) 1(1)
Cheilio inermis 6 (2) 15 (3) 3(2) 4(2) 7 (3)
Chrysiptera brownriggii 2(1)
Echeneis naucrates 1(1) 1(1) 1(1)
Gerres oyena 52 (22)
Gnathanodon speciosus 12 (11)

Gobiidae 2(2) 2(1)

Labroides spp 1(1) 1(1)
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Lethrinid
Lethrinus nebulosus

Lethrinus obsoletus
Myxus elongatus

Parupeneus spp
Pastinachus sephen

Platax orbicularis
Rhinecanthus aculeatus
Siganus lineatus
Siganus doliatus
Stethojulis strigiventer

Trachinotus blochii

5(3)

1(1)

12 3)

22 (3)

4(2)

1(1)

2(2)

(1)

2(2)

1(1)

2(2)

1(1)

30 (13)

35 (22)

1(1)

1(1)

1(1)

1(1)

17 (2)

3(3)

8(3)

12(2)  52(4)

2005 1(1)
3(1)  70(8)
87(7) 7(4)
3(1)

62 (24)

16 (8)

1(1)

3(2)

4(1)
2(1)

2(1)

30 (17)
44 (8)
52 (6)

2(1)

91 (12)

2(1)

5(2)

(D

687 (30)

2(1)

42) 1()

10 (5)

6(3)

1(1)

43
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