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Executive Summary
This report outlines progress to date on ARP project 7.2 – Browse Island Primary Producers,
which is being undertaken to establish an environmental baseline of primary producers and
herbivores at the island. The benthic habitats around Browse Island were sampled in two
seasons, October and April, and two years, 2016 and 2017. The data collected in 2016 has
been processed whereas analysis of data from 2017 is still underway.
The composition and abundance of primary producer communities in the shallow subtidal
and intertidal environments of Browse Island were assessed using drop camera techniques
and classification of still images. Tethering experiments, a grazing exclosure experiment,
video footage and direct observations of fish and turtles were used to assess the importance
of primary producers to herbivores at the island. Metabolic rates of key primary producers
were measured in on-ship incubations. Environmental fluxes across the reef flat were
assessed by collecting oceanographic data including oxygen, pH, temperature, salinity,
depth, light and hydrodynamic data from two locations during each trip. This report contains
an analysis of the data processed to date.
A total of 55 – 72 drop camera transects (~100 – 200 m long with 30 – 40 photos) were
collected per trip. The transects were positioned to cover the reef slope, reef crest, high reef
platform, low reef platform and lagoon with good coverage of the north, east, south and west
quadrants. Approximately 20 images per transect were randomly selected and 20 points per
image classified for benthic cover using CPCe.
Macroalgae was the dominant benthic cover type (51 – 65%) in all habitats in both April and
October (2016 data). This was followed by abiotic substrate (17 – 42%) in all habitats except
the reef slope, which had the highest amount of biotic cover. Hard coral cover was highest
on the reef slope (~20%) but was also important on the reef crest, the lagoon and the high
reef platform with cover of 6 – 10%. Smaller amounts of sponges (1.3 – 5.0% cover),
ascidians, bacterial mats, cnidarians (other than octocorals and hard corals) and
echinoderms were also observed. The algal assemblages were mainly made up of turf algae
(42% cover), encrusting red algae (7% cover) and Halimeda spp. (5.8% cover). The cover of
turf and halimeda were similar in all habitats, but encrusting red algae were particularly
abundant on the reef crest and slope (9 – 14%) and green algae (mainly Caulerpa sp.) were
only common in the lagoon habitat in April. The hard coral community was dominated by
Acroporidae (4.6% cover), Poritidae (2.1% cover) and Pocilloporidae (1.4% cover). The low
reef platform had very sparse cover of hard corals, which mainly consisted of Acroporidae,
Merulinidae and Poritidae. On the reef slope, which had the highest coral cover, Acroporidae
was dominant at around 8% cover followed by Poritidae (3 – 5%) and Pocilloporidae (2 –
3%).
There appeared to be some interannual differences and the overall benthic composition of
different aspects (North, South, East and West) varied. An observed increase in the amount
of substrate and associated loss of macroalgal cover in April 2017 could potentially be
related to the passage of Tropical Cyclone Frances just prior to the April 2017 image
collection. Further analyses of year, season and aspect along with an assessment of the
statistical power to detect change in cover will be carried out when the image classification
for 2017 has been completed.
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We observed low species richness of flora and fauna on the reef around Browse Island in
agreement with what has been described in previous studies. This notable as the broader
biogeographic region has records of a much larger number of coral and algal taxa. Several
species of seagrass have also been described for the Kimberly region. Interestingly,
seagrass was completely absent from the shallow zone around Browse Island. We also did
not see any seagrass seeds, detrital matter or wrack and therefore conclude that this
producer group does not occur at the site.
The oceanographic data showed complex patterns of O2 and pH. There was a typical diurnal
signal corresponding to high net productivity on the reef platform during daylight and night
time lows that occur when O2 is consumed and CO2 produced by respiration. These patterns
were similar to what has been observed on other shallow reefs. Superimposed on this signal
were peaks and dips that correspond to the tidal currents moving water masses across the
reef flat. In April 2017, the effect of light intensity on O2, pH and temperature appeared
depressed. This occurred during a period of elevated turbidity associated with the passage
of TC Frances, which may have supressed primary productivity. This will be further explored
to ascertain if this was caused by the cyclonic activity.
The ‘large’ macroalgae (e.g. Halimeda spp., Caulerpa spp., red algae) growing around
Browse Island do not appear to be an important food source for fish. We found no evidence
of grazing on macroalgae in the tethering experiments (>70 tethering trials in total in 4
locations), however, the accompanying video footage yielded important information
regarding the fish community on the reef flat. We observed fish pecking on turf algae,
indicating that this, as well as possible microalgae and detritus, may be an important dietary
component. We identified 80 teleost species from 22 families including 16 herbivorous and 7
omnivorous species. Analysis of the exclosure experiment will help to reveal the extent to
which herbivores limit the growth of turf algae over the reef flats of Browse Island. Browse
Island is a nesting ground for green turtles and we saw large numbers of turtles and signs of
active nesting during all field trips. It is not clear whether turtles also rely on the reef around
Browse Island as a feeding ground, as we did not see any direct evidence of this.
Metabolic studies of key reef algal and coral primary producer species were undertaken to
assess their rates or respiration and photosynthetic performance. Changes in O2 and pH
were measured after incubations in light and darkness for 5 taxa of macroalgae, 6 corals,
turf + substrate and a seawater control. Algae showed net positive productivity of 42 – 1200
mg C m-2 day-1. Corals generally showed negligible (April) or negative (October) net
productivity indicating they are heterotrophic and rely on feeding in addition to
photosynthesis by zooxanthellae to sustain growth. The strong link between metabolic rates
and pH were demonstrated as changes in pH during the incubations. The net changes in O2
were linearly related to pH except for some coral species where calcification may have taken
place. The broad patterns in net metabolism described here are similar to those found on
other reefs and once all alkalinity samples have been analysed, we anticipate being able to
separate the effect of net metabolism (productivity/respiration) from calcification or
dissolution on seawater pH.
During reef walks, we observed very low diversity and abundances of invertebrates around
Browse Island. Corals were the most common taxa, but some sponges, soft corals,
echinoderms and molluscs were also observed. The island is also a nesting site for greater
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crested terns (Thallaseus bergii), which were observed in large numbers in April of both
2016 and 2017.
The data collected in 2016 and 2017 aimed to establish a baseline of primary producer
cover, metabolic rates and herbivore activity around Browse Island and to determine any
consistent seasonal patterns or interannual variability. We have presented the overall broad
patterns established for the datasets analysed to date. Once the data from all four field trips
has been processed, we will be able to more definitively quantify the nature and magnitude
of spatial and temporal variability in primary producer cover and to confirm any consistent
interannual and seasonal patterns which need to be taken into account in assessing change
over time. In addition we will make an assessment of the statistical power to detect change
in cover between our surveys which can be used as a guide to sampling methodology and
replication which would need to be applied in the event that future surveys need to be
undertaken.
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1. Introduction
1.1 Background to study
Few of the oil spills around Australia have caused any significant environmental damage,
however impact assessments were difficult due to a lack of environmental baselines
(Keesing et al. in press). For example, the investigation of environmental impacts on
macrophytes after the 2009 Montara HI well release of gas, condensate and crude oil into
the Timor Sea, clearly highlighted the need for baseline surveys of benthic and pelagic
ecosystems. In 2011, significant loss of seagrass was observed in the area of the spill, but it
could not be reliably linked to the hydrocarbon release (Heyward et al. 2011). Primary
producer communities on the banks and shoals of the NW Australia coast are highly diverse
and follow seasonal patterns of abundance (Heyward et al. 2010) and, at present, the lack of
a clear understanding of this system and baseline data of the natural variability prevents
predictions of environmental effects and the effective evaluation of the impact of an oil spill.
This ARP 7-2 project is being undertaken to establish a baseline of primary producer
communities, in particular those of marine plants, on the fringing reef at Browse Island,
which could be impacted by a spill from the Prelude or Ichthys fields off WA’s Kimberley
coast. Primary producer communities provide important ecosystem functions on coral reefs.
Hard corals are the primary reef builders and macroalgae and seagrasses provide food and
habitat for a range of organisms, modify sediment and water column biogeochemistry and
serve as sites of carbon extraction and burial. Changes in the producer community at the
base of the food web have major implications for production at higher trophic levels including
turtles that that feed directly on macrophytes. For these reasons an environmental baseline
of primary producers at Browse Island is an important step in preparedness for any
unforeseen oil spill.

1.2 Existing information and bioregional context
Browse Island is located within the Browse Basin located off the north-western coast of
Western Australia. The Browse Basin is one of Australia’s most hydrocarbon-rich offshore
provinces, which has been explored for hydrocarbon extraction since 1964 (Comrie-Greig
and Abdo, 2014) and is the location of the Ichthys and Prelude fields (Fig. 1.1). Browse
Island is a triangular vegetated sandy cay with a reef that rises steeply from around 100 –
180 m depth at the outer shelf to just a few meters above the high-water mark measuring
approximately 700 x 400 m (Rosser et al., 2014). The island is surrounded by a reef with a
maximum diameter of around 2.2 km.
The benthic habitats around Browse Island have been subject to limited study and species
lists of algae, molluscs and fish species are available from surveys carried out in September
2006 by INPEX as part of initial environmental assessments ahead of the Ichthys
development (Rosser et al., 2014). We lack a complete baseline dataset of both primary
producers and the consumers that depend on them from the reef habitats around the island.
We also do not have an understanding of the natural interannual and seasonal variability in
the reef communities.
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Figure 1.1 Map of the bathymetry (m) of the Browse Basin showing the location of Browse Island, Ichthys and
Prelude.

1.3 Project aims
This project aims to establish a baseline in order to give an initial characterization of interannual and seasonal variation in productivity, abundance and composition of primary
producer communities of the shallow reef around Browse Island. This program includes
research to document interactions between primary producers and other key species and to
examine herbivore and food web reliance on primary producer communities in the shallow
waters surrounding Browse Island.
The overall goal of this program will be to benchmark the structure of reef algal and
seagrass communities and their metabolic activity on the Browse Island reef. By sampling
the reef around Browse Island twice a year for two years, a better understanding of the
natural variability would be gained and data for a pre-spill baseline gathered. Over the
course of the program, we will address the following specific research aims:
Aim 1: To characterise the biodiversity and community structure of macroalgae and
seagrass at Browse Island in two contrasting seasons.
Aim 2: To determine how the benthic community at Browse Island supports fauna including
fish and megagrazers.
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Aim 3: To determine dominant macroalgal and seagrass production and community
respiration on Browse Island as these can be used as an early indicator of an oil spill impact.
Metabolic rates will be determined at the beginning of the wet season (October) and the end
of the wet season (April-May) to capture seasonal extremes in community production.
Aim 4: To build an understanding of fine-scale environmental fluxes over representative
shallow atolls in the Browse Basin.
This report is the second milestone report for the ARP7-2 Benthic Producers program and
documents the data collected in the four field trips that has been processed to date. Much of
the data collected during the last field trip (October 2017) is still being processed and some
of the data from the April-May 2017 trips have not yet been completely processed. This
includes: 1) Benthic imagery – around half of the images from April 2017 have been
classified to date and none of the images from October 2017. 2) The herbivory experiments
– video footage of fish on the reef flat and the herbivory exclosure tiles, both from October
2017, have not yet been processed. 3) Metabolism – Some of the alkalinity and nutrient
samples have not yet been measured. 4) Oceanographic measurements – We had some
challenges with the ADV measurements on trips 2 and 3 and all the data still needs further
quality control. We still have to analyse nutrient and alkalinity samples from the reef flat
before any reef fluxes can be estimated.

1.4 Cyclone in April 2017
In April 2017 our field trip to Browse Island, which was planned for 8 days duration, was cut
short due to the passage of Tropical Cyclone Francis (Fig. 1.2). Due to the formation of this
TC associated forecasts of its strength and trajectory, only two days were spent on site. This
resulted in several of the planned activities to be abandoned. Specifically; we did not take
any metabolic measurements, herbivore tethers were not deployed and we were not able to
obtain a full data set on the oceanographic conditions. A smaller crew were re-deployed in
May 2017 to complete the drop-camera work.
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Figure 1.2 Path of cyclone Frances showing its position between April 27 and May 1, 2017 (Australian Bureau
of Meteorology).
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2. Benthic Habitat Characterisation
2.1 Introduction
Previous studies of Browse Island suggested that the reef habitats surrounding the island
were not diverse, lacking in intertidal sandflats, with a poorly developed lagoon habitat with
poor water circulation and a narrow shallow subtidal zone that supported relatively small
areas of well-developed coral assemblages (Rosser et al., 2014). Four transects across the
reef from the beach to the reef edge were surveyed in September 2006 (Rosser et al.,
2014).
The ARP7-2 program aims to determine spatial and seasonal patterns in abundance and
diversity of primary producers on the shallow crest, intertidal and subtidal lagoons of Browse
Island in four surveys. The surveys will provide a reference dataset of the status of key
benthic primary producers, covering two years (2016 and 2017) and two contrasting times of
year (April and October).

2.2 Methods
2.2.1 Drop-camera sampling
Cover of producers was surveyed remotely along transects using georeferenced images
captured by a drop camera system deployed from a tender vessel (Fig. 2.1). A digital still
camera was mounted on a custom designed frame that resembles a tripod and holds the
camera facing downward. The camera was set to take time-lapse images every 3-5 seconds
as the frame was moved along the transect by repeatedly raising and lowering the frame
resulting in an image of the benthos taken approximately every five meters. A GPS plotter
recorded the track of the vessel over the transect and was used to get a record of latitude,
longitude and depth for each image acquired.

Figure 2.1 Setup of drop camera on board tender vessel showing the custom-built frame designed by AIMS
(right) and deployment of drop camera using a davit arm (left).
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Transects were located to provide coverage across and along the reef flat based on the
benthic morphology and habitat zones that had previously been identified around Browse
Island by Rosser et al. (2014) (Fig. 2.2). The reef was further divided into quadrants
representing different levels of exposure (North – protected, East – intermediate, South –
intermediate, West – exposed).
Table 2.1 Number of transects in each habitat and time point. Note that Apr-17 includes transects from April
and May 2017.

Habitat

Apr-16

Oct-16

Apr-17

Oct-17

Lagoon
Low Reef Platform
High Reef Platform
Reef Crest
Reef Slope

11
9
11
11
13

18
9
13
10
21

16
9
10
14
20

16
8
12
14
20

Total

55

72

69

70

In April 2016, a total of 55 transects were sampled, or 9 – 13 per habitat, most of which were
100 – 200 m long (Table 2.1). In the subsequent three trips, the same transect locations
were sampled and a few more transects were added to achieve better coverage of the
different habitat zones (Fig. 2.2, Table 2.1). To ensure the same locations were sampled, a
handheld GPS unit was programmed with the beginning and end of each transect and the
tender was steered in a line between the points. Local conditions of wind, swell and tidal
currents mean that the transects were not necessarily uni-directional or straight. For this
reason, when the transects were repeated in trips 2,3, and 4, they do not directly overlay
those from the first field trip (Fig. 2.3). Even where the transects do overlay each other, the
images taken on consecutive field trips are not of exactly the same piece of seabed.
However, the extent of replication and the habitat stratification based on Rosser et al.,
(2014) used in the design of the sampling should ensure robust temporal comparisons of
benthic assemblages and primary producer coverage. To test what proportion of variability in
benthic cover might be due to slight differences in the location of the images sampled, we
repeated 3 – 4 transects in three habitats in October 2017 (Fig. 2.4). We expect that the
overall benthic cover within each habitat should be same for the 3 (or 4) original transects as
for the repeated ones.

2.2.2 Image processing
The photos were manually sorted so that only images captured when the drop camera frame
was resting on the seabed were included, which typically resulted in 30 – 40 good images
per transect. Care was taken to ensure only one image per drop location was selected. Any
blurred images were also removed. Photos were georeferenced against the GPS file in
GeoSetter (version 3.4.16) and the metadata for each image extracted using Exiftool.
Images were then plotted in QGIS (version 2.16) and classified by habitat zone (Fig. 2.2). A
subset of up to 20 images per transect were randomly selected using the RAND function in
Excel (20 images were selected whenever possible, but some transects had fewer than 20
images, in which case all images for that transect were used.
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Figure 2.2. Habitats around Browse Island based on maps in Rosser et al. 2014.

Figure 2.3. Map of Browse Island showing the location of drop camera transects sampled in April 2016
(black), October 2016 (orange), April – May 2017 (pink) and October 2017 (blue). Satellite image from
Google Maps.
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Figure 2.4. Drop camera transects from October 2017 showing the 10 repeated transects in black; 3 on the
reef crest, 4 on the reef slope and 3 in the lagoon.

2.2.3 Benthic classification
In each image the relative abundance of primary producers identified to the lowest
taxonomic level possible were identified and classified using the CATAMI classification
scheme (Althaus et al. 2013). Images were uploaded into Coral Point Count (CPCe, Kohler
and Gill 2006) and 20 points randomly overlaid on each image (Fig. 2.5). The cover class
beneath each point was recorded. Sponges, soft corals, echinoderms, bryozoans and
ascidians were classified by morphological characteristics, e.g. Sponges: Erect: Laminar.
Macroalgae were classified to genus level wherever possible, e.g. Halimeda or Caulerpa, or
by morphological characteristics when the genus could not be identified, e.g. Macroalgae:
Erect fine branching: Green. Corals were identified to genus level, e.g. Acropora or Pavona.
The genera Acropora and Porites were further described by morphology, e.g. Porites
massive, Porites branching and Acropora corymbose. Substrate included unconsolidated
(e.g. sand or biogenic rubble) and consolidated types. When rodoliths and encrusting red
macroalgae were clearly visible these were classified under macroalgae, however, very pale
specimens are likely to have been included in the category substrate. All of the images from
2016 and approximately half of the images from April – May 2017 have been classified to
date.
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Figure 2.5. Example CPCe window with benthic image and points overlaid.

2.2.4 Data analysis
Data processing was carried out in R version 3.3.2 (R Core Team 2016). We analysed the
overall cover of broad categories; octocorals, hard corals, cnidarians (other than corals),
ascidians, bacterial mats, bryozoans, echinoderms, macroalgae, sponges, substrate and
unknown (Table 2.2). The assemblages of macroalgae and corals were analysed by genus
(or lowest taxonomic classification available) and split into broader categories (Table 2.2). As
only half of the images from April – May 2017 have been classified and none of the images
from October 2017, we have not carried out an interannual comparison in this report. Most of
the figures show data from 2016 and we have chosen to show data by transect from the
lagoon and Reef Flat for April 2017. These two habitats had the largest numbers of
completed transects for April 2017 and are also two of the most contrasting habitats in terms
of their coral and algal cover.
Table 2.2 Classification categories showing the overall broad categories, the broader algal categories and the
coral families as well as what was included in each. The overall mean percent cover for all images analysed so
far (April 2016, October 2016 and April – May 2017) is shown ± se (n = 3292 images). The overall mean
percent cover ± se of algae and of hard corals are also shown.

Broad-scale
category

Intermediate
category

Fine-scale category and groups
included

Overall %
Cover

Algae

Turf

Mixed turf of Rhodophyta,
Chlorophyta and Phaeophyta

42.1 ± 0.5

Mainly encrusting red – rodoliths and
crustose coralline algae (CCA), some
encrusting brown, flattened and
closely adhering to the substratum

7.0 ± 0.2

55.3 ± 0.5

Encrusting
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Calcified green

Red
(Rhodophyta)

Green
(Chlorophyta
Brown
(Phaeophyceae)

Hard Coral

Acroporidae

9.9 ± 0.3

UWA and CSIRO

Green algae with calcified structures,
mainly Halimeda spp., but also
Neomeris spp. and unidentified
articulated green algae

5.8 ± 0.2

Non-encrusting red algae including
unidentified fine-branching,
filamentous, and unidentified
articulated red algae

0.02 ± 0.005

Non-calcified green algae including
Caulerpa spp., Codium spp., and
Ventricaria spp.

0.23 ± 0.04

Non-encrusting brown algae including
Dictyota spp., Kallymenia spp.,
Padina spp. and unidentified laminate,
coarse-branching and fine-branching
brown algae

0.15 ± 0.02

Acropora spp. (branching, corymbose,
digitate and plate), Isopora spp.,
Montipora spp.

4.6 ± 0.2

Agariciidae

Gardinoseris spp., Pavona spp.

Coscinareaidae

Coscinaraea spp.

Euphyllidae

Galaxea spp.

0.13 ± 0.03

Merulinidae

Coelastrea spp., Goniastrea spp.,
Favia spp., Favites spp., Montastrea
spp.

0.33 ± 0.05

Pocilloporidae

0.04 ± 0.03
0.006 ± 0.004

Pocillopora spp., Seriatopora spp.,
Stylopora spp.

1.4 ± 0.1

Goniopora spp., Porites spp.
(branching and massive)

2.1 ± 0.13

Cyphastrea spp., Pleiastrea spp.,
Physogyra spp.

0.2 ± 0.05

Unidentified hard coral

1.1 ± 0.06

Octocorals

Soft corals

0.30 ± 0.06

Cnidarians

Cnidarians other than hard and soft
corals

0.02 ± 0.005

Ascidians

Ascidia

0.55 ± 0.05

Bacterial
mats

Bacterial mats (blue-green and other)

Bryozoans

Bryozoa

0.03 ± 0.008

Echinoderms

Echinodermata

0.09 ± 0.02

Sponges

Porifera

Substrate

Consolidated and unconsolidated

Poritidae
Other
Unidentified
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substrate
Unidentified

Any unidentified objects

0.34 ± 0.03

2.2.5 Statistical analysis
We used multivariate analyses in PRIMER 6 (Clarke & Gorley, 2006) with PERMANOVA+
(Anderson et al. 2008) to examine differences in benthic community composition in 2016
between months and habitats (based on the fine-scale macroalgal and coral categories and
the broader categories for everything else; Table 2.2). The percentages of each cover class
were averaged per transect and month and square-root transformed to stabilize variances. A
Bray-Curtis similarity matrix was constructed from the transformed data. Cluster analyses
were carried out by pair-wise comparisons of the transects. Non-metric Multi Dimensional
Scaling (MDS) ordinations with similarity contours (derived from the cluster analyses) were
used to highlight similarities among transects.
Differences among a priori defined groups (based on month and habitat) were tested using
permutational multivariate analysis of variance (PERMANOVA) with fixed factors for month
and habitat and random factor of transect nested within habitat. Unrestricted permutations of
raw data were run for 999 permutations. This was followed by canonical analysis of principal
coordinates (CAP) with the factors emerging as significant in the PERMANOVA as
constraining factors (Anderson & Willis, 2003). The CAP maximises differences among the a
priori defined groups and reveals patterns that can be cryptic in unconstrained ordinations
(Anderson & Willis, 2003). Categories with Pearson correlations >0.4 were plotted on the
CAP.

2.3 Results
2.3.1 Broad categories of benthic cover
Macroalgae was the dominant category in all of the habitat zones making up more than half
of the benthic cover (51 – 65%) (Fig. 2.6). In the shallow lagoon and the low reef platform,
bare substrate, mainly unconsolidated sand, covered around 40% of the benthos. The biotic
cover was higher on the high reef platform, the reef crest and particularly high on the reef
slope (approximately 10 – 20 m depth) where substrate only covered around 10% of the
benthos (Fig. 2.6).
Coral cover was highest on the reef slope (~20 %) followed by the reef crest and high reef
platform (6 – 9 %) (Fig. 2.6). The lowest coral cover was found on the low reef platform (2.1
– 3.7 %). Sponges were 1 – 5 % in all habitats. Cnidarians (excluding hard corals and
octocorals) were only found in the lagoon and low reef platform in April and made up
<0.05% of the cover. Ascidians were found in all habitats and similarly sparse, except on the
reef slope where they made up ~1.5%. Echinoderms made up <0.2% of cover in all habitats.
Bacterial mats were present in all habitats and covered 0.1 – 0.8% of the benthos.
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Figure 2.6. Mean benthic cover by habitat zone in April and October 2016. The percentage of each category is
shown for groups that had cover > 5%. The category Substrate covers all categories of bare or non-biotic
substrate.

The mean cover of the dominant biotic categories; algae, coral, cnidarian and octocorals,
were similar between April and October (Fig. 2.6). Notable differences were, however,
present in the cover of bacterial mats, which was higher in April on the high and low reef
platform and in the lagoon, the cover of ascidians, which was higher on the reef slope in
October, and in the cover of octocorals, which was higher on the reef slope and crest in
October (Fig 2.6). This may indicate a seasonal pattern, which will be further investigated
once the images from 2017 have been classified.
The lagoon, high reef and low reef platforms were fairly similar across N,S,W,E aspect (Fig.
2.7) with some differences in algal cover, e.g. higher cover in the lagoon habitat to the East
and North – 55% and 59% macroalgae compared to around 45% in the South and West –
and in the low reef platform to the South – 67% compared to ~50% in the other sectors. On
the high reef platform, coral cover was higher in the Western sector. The lagoon to the East
of the island had substantially more ascidians (~1% cover) compared to the other aspects.
The reef crest and reef slope showed larger differences in cover among aspects (Fig. 2.7).
There were differences in the amount of biotic versus abiotic substrate with the Western
sector of both habitats having by far the most biota with ~97% cover. The reef crest to the
North had a particularly large cover of abiotic substrate (sand or consolidated bare rock) of
around 44%. The cnidaria, which were only present on the reef slope, were completely
absent from the Northern sector. Octocorals were absent or very rare in most sectors,
except in the South where they made up 6.2% and 1.7% on the reef crest and reef slope
respectively. Ascidians and bacterial mats were rare or absent except on the Sothern and
Western reef slope.
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46

12 26
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Low Reef Platform

49

45
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16 17
East
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49

Reef Slope

24
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12 19

14 14

56

62

67

16
70
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24

Octocorals
Scleractinian
Ascidians
BacterialMats
Bryozoa
Cnidaria
Echinoderm
Macroalgae
Sponge
Substrate
Unknowns

West

62

Figure 2.7. Mean benthic cover by habitat zone and direction in 2016. The percentage of each category is
shown for groups that had cover > 5%. No low reef platform is present on the Western side of the island and
no high reef platform on the Eastern side. The Southern reef crest was not sampled in April 2016.

A comparison of cover for individual transects among the three sample trips that have been
analysed to date revealed differences that may be related to interannual and seasonal
patterns. Ascidians and bacterial mats appeared to be most common in April, e.g. transects
C2-4, C3-6, C3-8 in the lagoon (Fig. 2.8) and C5-1, C5-2 and C5-3 on the reef crest (Fig.
2.9). The cover of the dominant classes; macroalgae, hard corals, sponges and substrate
were fairly similar between April and October 2016, but large differences were observed in
April 2017. In the lagoon habitat, the cover of macroalgae was far less in April 2017 and
appears to have been replaced by bare substrate. There also appeared to be some loss of
sponges. On the reef crest, there appeared to be more substrate and a loss of sponges in
April 2017 compared to the previous two trips. It may be that we are seeing the effect of
Tropical Cyclone Frances (Fig. 1.2) just prior to the sampling in April – May 2017. The
cyclone suspended large amounts of sediment that would have settled, in particular, within
the shallower habitats around the island. We saw large amounts of unconsolidated sand and
silt in the lagoon habitat, which may be a result of this extreme event.
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Figure 2.8. Mean benthic cover by transect in the lagoon habitat for the first three sample trips. Note that the
classification of images from April 2017 is not completed and only transects completed to date are included
here.
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Figure 2.9. Mean benthic cover by transect in the reef crest habitat for the first three sample trips. Note that
the classification of images from April 2017 is not completed and only transects completed to date are
included here.
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These observations are interesting and will be further investigated once all images and
transects have been classified. If there appears to be a significant effect of the cyclone on
the benthos in April – May 2017 it will also be interesting to see whether this effect can still
be seen in October 2017 as there is evidence from elsewhere of long-term changes to the
benthos due to cyclonic activity. The passage of cyclone Fran over Heron Reef in 1992,
almost completely removed Caulerpa cupressoides from the reef flat and the cover of
Sargassum spp. was depressed for several years (Rogers, 1996; 1997). Cyclone
disturbance caused catastrophic loss of corals in Palau and followed by growth of Lobophora
variegata (up to 40% cover), which persisted for >18 months (Roff et al., 2015). The impact
of cyclones and is variable and not necessarily long-lived (Mumby et al., 2005), but this type
of disturbance repeated over time may still play a key role in affecting the reef structure.

2.3.2. Macroalgal cover
The macroalgal community was dominated by turf in all habitats in both April and October
2016 with cover of 39 – 52% (Fig. 2.10). The second most common category overall was
encrusting algae, which were mainly from the rhodophyta (red algae). Encrusting algae were
particularly abundant on the reef crest and reef slope where they made up 9 – 14% of the
total cover. Calcified green algae – almost exclusively Halimeda spp. – were common across
all habitats with 4 – 9% cover. Green algae were very rare except in the lagoon in April when
some Caulerpa sp. was present. Red and brown algae made up <<0.5% in all habitats. The
overall macroalgal community is therefore not very diverse and heavily dominated by just
three taxonomic groups; turf, Halimeda spp. and encrusting red algae.

Macroalgae
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Figure 2.10. Mean cover of algae by habitat zone in April and October 2016. The percentage of each algal
category is shown where cover >5%.
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Figure 2.11. Mean cover of macroalgae by habitat and aspect in 2016. No low reef platform is present on the
Western side of the island and no high reef platform on the Eastern side.
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Figure 2.12. Mean algal cover by transect in the lagoon habitat for the first three sample trips. Note that the
classification of images from April 2017 is not completed and only transects completed to date are included
here.
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Figure 2.13. Mean algal cover by transect in the reef crest habitat for the first three sample trips. Note that
the classification of images from April 2017 is not completed and only transects completed to date are
included here.

The relative cover of the different macroalgal categories varied by N,S,E,W aspect (Fig.
2.11). The green alga in the lagoon habitat was almost exclusively found in the East where it
made up 4.0% of the benthic cover. The reef crest had particularly high cover of encrusting
algae in the South (18%) and West (27%) (Fig. 2.11). The Western reef crest and reef slope
had high cover of calcified green algae (8 – 14%). The low and high reef platforms were
overall very similar with slightly higher cover of turf in the Southern aspect of the low reef
platform (Fig. 2.11).
As discussed above, the total cover of macroalgae in the lagoon habitat was reduced in April
2017 compared to in 2016 (Fig. 2.12). This appears to mainly be due to a loss of turf algae
whereas the cover of Halimeda spp. is fairly similar. The green algae, which were abundant
in three transects in April 2016 (C3-3, C3-7 and C3-8, Fig. 2.13), were almost completely
absent in April 2017. The macroalgal assemblage on the reef crest was fairly similar
between April and October 2016 (Fig. 2.13). The main changes in April 2017 were a slight
increase in turf cover and a reduction in the cover of encrusting algae (Fig. 2.13).

2.3.3. Coral Cover
The coral assemblage at Browse Island was largely made up of Acroporidae, Pocilloporidae
and Poritidae, which were present in all habitats in different proportions (Fig. 2.14). The low
reef platform had very sparse cover of hard corals and the highest cover was found on the
reef slope. On the reef slope, Acroporidae was dominant at around 8% cover followed by
Poritidae (3 – 5%). Coral community composition and the relative cover of the different
Families were overall similar between April and October although Euphyllidae was more
common on the reef slope in October (Fig. 2.14).
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Figure 2.14. Mean cover of coral by habitat zone in April and October 2016. The percentage of each algal
category is shown where cover >3%.

The most notable differences in the coral community among aspects were seen on the high
reef platform and the reef crest (Fig. 2.15). The Southern part of the high reef platform had
far higher coral cover, in particular of the Acroporidae, which made up 7% and Poritidae,
which made up 2% in this habitat. The Southern and Western parts of the reef crest similarly
had higher coral cover compared to the North and East. On both the S and W reef crest,
Acroporidae was the most abundant and covered ~8% (Fig. 2.15). Pocilloporidae made up
4% of the cover in the Western aspect, but was very rare in the Southern aspect.
The hard coral cover within transects showed large differences among the three sampling
trips for the lagoon habitat (Fig. 2.16) The relative cover of the different Families as well as
the total cover in the lagoon transects were highly variable. The reef crest transects (Fig.
2.17) were more consistent from year to year, in particular with regard to the total cover, but
also in the relative cover of the different Families. There is possibly lower overall cover of
hard coral in the April 2017 transects, which could potentially be linked to the passage of
Cyclone Frances as discussed above. Further analysis is required to establish whether this
variability is due to real changes or to limitations in the methods used. It is possible that the
natural high level of heterogeneity and patchiness in the coral community, in particular in
habitats where hard coral is sparse like the lagoon and low reef platforms, prevents us from
accurately characterising the community across smaller spatial scales. In that case, any
further analysis could be done by habitat rather than by transect or by total hard coral cover
rather than by Family.
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Figure 2.15. Mean cover of hard coral by habitat and aspect in 2016. No low reef platform is present on the
Western side of the island and no high reef platform on the Eastern side.

2.3.4 Comparisons between month and habitat in 2016
The MDS plot of all transects from 2016 showed poor clustering of transects, highlighting the
variability among transects, and large degree of overlap between months and habitats (Fig.
2.18). All transects fell within the 40% similarity contour and largely separated into three
groups of 60% similarity, but with some overlap between the largest two of these clusters.
The majority of the reef slope transects and some of the reef crest transects were at least
60% similar although one reef slope transect from October was <60% similar to all other
transects and formed its own cluster. Transects from the lagoon, low reef platform and high
reef platform were all >60% similar.
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Figure 2.16. Mean hard coral cover by transect in the lagoon habitat for the first three sample trips. Note that
the classification of images from April 2017 is not completed and only transects completed to date are
included here.

Transect
Acroporidae
Agariciidae

Euphyllidae
Merulinidae

Pocilloporidae
Poritidae

Other
Unidentified

Figure 2.17. Mean hard coral cover by transect in the reef crest habitat for the first three sample trips. Note
that the classification of images from April 2017 is not completed and only transects completed to date are
included here.

The PERMANOVA confirmed that there were significant differences among our a priori
defined groups of month and habitat (Table 2.3) allowing us to use these as constraining
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factors in a canonical analysis of principal coordinates (CAP) (Fig. 2.19). The CAP
maximises differences among the a priori defined groups and reveals patterns that can be
cryptic in unconstrained ordinations, such as the MDS. In the CAP, transects within each
habitat were largely separated by month (Fig. 2.19). The habitats were largely split into reef
crest and reef platform versus lagoon, high reef platform and low reef platform, but, as seen
in the MDS, there was a lot of overlap. The Pearson correlations indicated that some of the
key differences among these two habitat groupings were the percentage cover of substrate,
which was lower on the reef platform and reef crest; and red encrusting algae, Montipora,
corymbose Acropora and branching Porites, which were higher on the reef platform and reef
crest. The cover of turf and Isopora were higher in the lagoon, low reef platform and high
reef platform in October and encrusting red algae lower, which contributed to seasonal
differences in these habitats.
2D Stress: 0.18

Transforma=on: Square root
Resemblance: S17 Bray Cur=s similarity
April October
Lagoon
Low Reef Pla5orm
High Reef Pla5orm
Reef Crest
Reef Slope
Similarity (%)
40
60

Figure 2.18. Two-dimensional representation of a Multidimensional Scaling (MDS) ordination of transects
from 2016. The lines represent a 40% and 60% similarity among sites so that all transects inside the
contours have a similarity >40% or >60% respectively.

Table 2.3. Results from PERMANOVA of benthic cover in 2016. The model was constructed for Bray-Curtis
similarities with fixed factors for month and habitat and included a random factor of transect nested within
habitat. Unrestricted permutations of raw data were run for 999 permutations.

Month
Habitat
Transect(Habitat)
Month*Habitat
Residuals
Total

ARP7.2/UWA/AIMS/RT/45

df
1
4
69
4
45
123

SS
2196.3
19375
37531
2200.5
12308
78912

MS
2196.3
4843.8
543.93
550.11
273.52

31

Pseudo-F
8.0
9.2
2.0
2.0

p(perm)
0.001
0.001
0.001
0.001
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Figure 2.19. Canonical analysis of principal coordinates (CAP) of mean percent cover for each transect by
month and habitat in 2016. The plot is overlaid with vectors for categories with Pearson correlation
coefficients >0.4.

2.4 Benthic habitats summary
Macroalgae made up most of the benthic cover (51 – 65%) in all habitats in both April and
October. Abiotic substrate (sand and consolidated rock) was the second most important
cover category in all habitats except the reef slope (17 – 42%). Hard coral cover was highest
on the reef slope (~20%) but was also important on the reef crest, the lagoon and the high
reef platform with cover of 6 – 10%. Sponges covered 1.3 – 5.0% of the benthos and smaller
amounts of ascidians, bacterial mats, cnidarians (other than octocorals and hard corals) and
echinoderms were observed. The algal assemblages were mainly made up of turf algae
(42% cover), encrusting red algae (7% cover) and Halimeda spp. (5.8% cover). The hard
coral community was dominated by Acroporidae (4.6% cover), Poritidae (2.1% cover) and
Pocilloporidae (1.4% cover).
Our observations of the low species richness of algae at Browse Island agree with what has
previously been described. Fewer than 50 species have been recorded at Browse Island
compared to reports of 278 marine algae in the Kimberly region (Rosser et al., 2014,
Huisman and Sampey, 2014). It is notable that we did not find any macroalgae of the genus
Sargassum or Turbinaria or any seagrasses, which are abundant in inshore areas of the
Bonaparte Archipelago (Rosser et al. 2014) and the offshore Rowley Shoals, Scott Reef and
Seringapatam Reef (Huisman et al. 2009). Coral diversity on the reef around Browse Island
has also been described as low with highest cover on the reef slope (Rosser et al., 2014),
which is in agreement with our observations. We identified 20 different Scleractinian coral
genera from 7 families compared to a total of ~70 genera in 17 families known for the
broader Kimberly region (n.b. this includes inshore as well as offshore reefs and all genera
were not present at any one location) (Richards et al. 2014).
PERMANOVA analysis for the 2016 data indicated differences between months as well as
habitats, but these differences were small as cluster analysis showed that all transects were
>40% similar. Preliminary analysis suggests that there are differences among the different
aspects (North, South, East and West) of the same habitat. Similarly, Rosser et al. (2014)
noted differences in benthic cover with aspect in all habitats around Browse Island. A
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preliminary comparison between the April and October 2016, and April 2017 data sets was
also made for lagoon and reef crest habitats, which suggested there might be some
interannual differences. An observed increase in the amount of substrate and associated
loss of macroalgal cover could potentially be related to the passage of Tropical Cyclone
Frances just prior to the April 2017 image collection. Further analyses of season and aspect
along with an assessment of the statistical power to detect change in cover between surveys
will be carried out when we have a complete data set.
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3. Oceanographic measurements
3.1 Introduction
Engineering species in shallow marine habitats (e.g. corals, seagrass and macroalgae) have
the capacity to affect the chemical and physical conditions in the water column (Gutierrez et
al. 2011). Coral reefs, which are also metabolically active, experience substantial diurnal and
seasonal fluctuations in the carbonate chemistry of the surrounding seawater, mainly due to
a combination of effects of photosynthesis, respiration, and calcification (Hemming et al
1998). During the day, oxygen concentrations and pH values typically increase as
photosynthetic CO2 uptake is high and total inorganic carbon and alkalinity decreases
through calcification. At night O2 is consumed and CO2 is released due to respiration – this
leads to a decrease in pH from the daytime maximum by up to 0.3 – 0.6 pH units (e.g.
Gangjian et al. 2011). The variability in water column chemistry is also influenced by the
residence time of water over the reef, tides, vertical mixing, and along-shore currents (see
summary in Duarte et al. 2013).
Table 3.1. Metadata for oceanographic equipment. Shows time logged for each instrument; ADV = Acoustic
Doppler Velocimeter, EXO = logger for pH, O2, salinity, depth and temperature, HOBO = light logger. (TC
Frances = Tropical Cyclone Frances that passed Browse Island at the end of April 2017.)

Date

Location

Logger

October
2016

Lagoon

ADV
EXO
HOBO
ADV
EXO
HOBO
ADV
EXO
HOBO
ADV
EXO
HOBO
ADV
EXO
HOBO
ADV
EXO
HOBO

Reef Flat

April
2017

Lagoon

Reef Flat

October
2017

Lagoon

Reef Flat

Time
logged
NA
90 h
90 h
70 h
90 h
90 h
180 h
22 h
NA
NA
180 h
NA
75 h
96 h
96 h
75 h
96 h
96 h

Comments
Malfunction no data collected

Bad data due to movement in strong weather
Retrieved before TC Frances
No data retrieved after TC Frances
Broken and all data lost during TC Francis
Instrument lost during TC Frances
May have tipped over in first 24h

May have tipped over in last 24h

To build an understanding of fine-scale environmental fluxes over representative shallow
reefs in the Browse Basin we measured diurnal pH and O2 concentrations, and
environmental and hydrodynamic parameters in the lagoon and on the reef flat in October
2016, April 2017 and October 2017. The ADV data is still being processed and the analysis
of nutrients and alkalinity has not yet been completed. Table 3.1 summarises the data
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collected to date and indicates the duration of logging for each instrument or the reason no
data was obtained for a particular time and location.

3.2 Methods
Oceanographic instruments were deployed at two locations on the reef flat and reef lagoon
to the west of Browse Island in October 2016, to the NW of the island in April 2017 and to
the SE of the island in October 2017 to capture the diurnal oceanographic conditions (Table
3.1, Fig. 3.1). At each location one multi sonde EXO logger (pH, O2, salinity, depth and
temperature), one light logger (PAR; Photosynthetically Active Radiation) and one Acoustic
Doppler Velocimeter (ADV; turbulence, current direction and speed) were set up for
continuous logging at 1-minute intervals. In addition, water samples were collected for
alkalinity and nutrients using 50 ml syringes at each site at the beginning and end and once
in the middle of the deployment. The syringes were brought back to the ship, immediately
split into one 10 ml vacutainer for alkalinity and duplicate 10ml sterile vials for nutrient
analyses. Nutrient samples were frozen and alkalinity samples were stored cool and dark. All
samples were transported back to Perth to be analysed for nitrate, phosphate, silicate and
ammonia and total alkalinity.

Figure 3.1. Locations for the deployment of oceanographic instruments around Browse Island. L1 = lagoon,
RF1 = reef flat, October 2016; L2 = lagoon, RF2 = reef flat, April 2017; L3 = lagoon, RF3 = reef flat, October
2017.

3.2.1 Acoustic Doppler Velocimeters (ADVs)
Two SonTek ADVs were deployed from a frame located at each of the two sample stations
to measure rapid small-scale changes in 3D water velocity. The frames were dropped from
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the tender at high tide, but the ADVs themselves had to be mounted by reef walkers at low
tide (this is normally done by scuba divers). A consequence of this was that the ADVs were
submerged during the high tide, but emerged on the low tide resulting in gaps in the
measurements during the low portion of each tide.
Before depth averaged current velocity data can be obtained, it will be necessary to quality
control and clean up the data sets. The raw velocity measurements will be cleaned of any
data associated with low signal correlations, subjected to a despiking algorithm and
averaged to produce velocity profiles in Cartesian (East-North) coordinates.

3.2.2 Light Loggers
Photosynthetically active radiation (PAR) was recorded with HOBO Micro Station loggers
(H21-002, Onset), one at each site (Fig. 3.2). The loggers were in watertight housings,
placed directly on the seafloor and set to measure every minute.

Figure 3.2. Light logger set up on Browse Island reef flat in October 2016.

3.2.3 EXO Loggers
Two multi sonde EXO loggers (YSI, Xylem) were deployed approximately 0.1 m above the
seafloor, one at each site. The loggers recorded pH, oxygen concentration, salinity, water
depth and temperature every minute (Fig. 3.3). The oxygen sensors were calibrated in
water-saturated air and the pH sensors with a two-point calibration using NBS standard
buffers of 7.00 and 10.00.

Figure 3.3. EXO logger set up on Browse Island reef flat in October 2016.
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3.3 Results
3.3.1 Hydrodynamics
There were some problems associated with the ADV deployments in October 2016 and April
2017 (see Table 3.1). The data from the most recent trip (October 2017) is still undergoing
quality control and despiking. Therefore, no hydrodynamic data will be presented in this
report.

3.3.2 Environmental data
The tidal movement across the reef resulted in the loggers being periodically emerged from
the water at low tide every 12 h. The maximum water depth where the loggers were
deployed was 3 – 5 m depending on the location of the logger and the tidal range at the time
of sampling. The period of daylight was approximately 12 h and reached a maximum of ~
2000 – 2500 µmol m-2 s-1 in the middle of the day. Temperatures were affected by tidal
movement, water depth and light/time of day resulting in complex pattern with temperatures
of 28 – 32 °C in October 2016, 26 – 30 °C in April 2017 and 26.5 – 29 °C in October 2017.
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Figure 3.4. Profiles of water column O2, pH, water depth (top) and temperature and light (bottom) over three
24 h cycles on the Reef Flat (left) and Lagoon (right) in October 2016.

Dissolved oxygen and pH closely tracked each other and showed a largely diurnal pattern
with high values in the daytime (corresponding to high light levels) and low values at night.
This pattern is linked to primary productivity and respiration of the reef, but tidal movement
also appears to modulate these parameters. In October 2016, the lowest part of the tide
coincided with the hours after sunset when net consumption of the oxygen produced during
daylight begins (Fig. 3.4). Respiration rapidly decreased levels of dissolved O2 in the shallow
water, but it was quickly replenished by the incoming tide. The incoming tide during the night
also caused a slight increase in temperature (Fig. 3.4). In the lagoon, pH increased rapidly
after sunrise in the shallow water just before the tide started flooding. This led to
exceptionally high pH of up to 9, which is sometimes seen in restricted water where high
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rates of photosynthesis are taking place. The range of O2 was also very high in both habitats
with values from 2 – 12 mg l-1 (Fig .3.4)
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Figure 3.5. Profiles of water column O2, pH, water depth (top) and temperature and light (bottom) over three
24 h cycles on the Reef Flat (left) and Lagoon (right) in October 2017.

In October 2017, the patterns in pH and O2 were similar to those in October 2016 and
appeared driven by both light intensity and tidal flow (Fig. 3.5). Oxygen concentrations
rapidly dipped from 6 – 7 mg l-1 to around 2 mg l-1 at high tide and then rapidly recovered.
This happened even when the high tide coincided with the middle of the day when we would
have expected high rates of photosynthesis to be high and consequently oxygen to be
elevated. We also observed two sharp spikes in O2 in the beginning of the time series (Fig.
3.5). These unexpected patterns will need further investigation when the ADV data has been
processed, as they may be indicative of rapid changes in hydrodynamic conditions and the
movement of different water masses across the reef.
In April 2017, we obtained a short (<24 h) time series of data from the Lagoon habitat prior
to TC Frances. The patterns in pH and O2 appeared influenced by both tidal movements and
light intensity (data not shown). A longer time series of data was obtained for the Reef Flat
(Fig. 3.6). The first two days the patterns of O2, pH and temperature showed the typical
complex patterns that result in the combination of tidal influence and irradiance. On the third
day, however, the patterns changed. These changes happened <24 h prior to the projected
passage of Tropical Cyclone Frances and persisted for over three days after. During this
period, the influence of light intensity on the data appeared diminished. Daytime peaks in O2
were absent, but O2 minima were also somewhat higher. We observed a largely semi-diurnal
pattern in both oxygen and pH with minima during low tide and maxima during high tide.
Similarly, temperature did not differ daytime to nighttime, but largely followed the pattern of
the tides with low temperatures during low tide and high temperatures during the high tide.
Temperature also showed two dips either side of the passage of the cyclone to minima of
~26 °C or one degree lower than the typical minima for the period (Fig. 3.6). It is not clear at
this stage whether these unusual observations were caused by the cyclone passing, but they
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may be related to sediment suspension and increased turbidity associated with the
increased wind and wave conditions. We observed high turbidity develop around the island
on the afternoon of April 28th just prior to leaving Browse Island as sea conditions worsened.
High turbidity limiting primary productivity might explain why the typical signal of light
intensity was not observed between April 28th and May 1st (Fig. 3.6).
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Figure 3.6. Profiles of water column O2, pH, (top) water depth and temperature (bottom) on the Reef Flat in
April 2017. The yellow bars correspond to daylight hours and the red arrow shows the approximate passage
of the eye of Tropical Cyclone Frances to the north of Browse Island.

3.4 Oceanographic measurements summary
The environmental data show typical diurnal patterns of O2 and pH with daytime highs
corresponding to high net productivity on the reef platform during daylight and night-time
lows that occur when O2 is consumed and CO2 produced by respiration. Superimposed on
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this pattern are peaks and dips that correspond to the movement of water masses across
the reef flat by the tide.
The patterns in O2 and pH measured in the water column overlying the Browse Island reef
are similar to those observed elsewhere, e.g. over a coral reef flat in the central Barrier Reef
where pH typically oscillated diurnally between 7.92 and 8.17 in response to net community
production (Albright et al. 2013). Around Browse Island, however, we saw occasional peaks
of >8.3 and dips <7.7. These extreme values indicate high rates of photosynthesis and
respiration, probably in shallow warm water, which has previously been seen to support diel
changes as high as 1.0 pH units in metabolic-intense ecosystems, such as seagrass
meadows, mangroves, salt marshes, coral reefs and macroalgal beds, (Duarte et al. 2013).
Once we have finalised processing of the hydrodynamic data we hope to be able to further
explore these distinct patterns. In April 2017, the effect of light intensity on O2, pH and
temperature appeared depressed. This occurred during a period of elevated turbidity
associated with the passage of TC Frances, which may have supressed primary productivity.
This will be further explored to ascertain if this was caused by the cyclonic activity.
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4. Herbivory
4.1 Introduction
Herbivores can play a critical role in coral reef ecosystems by regulating the distribution,
abundance, and community structure of algae, thereby affecting coral-macroalgal
interactions (Lewis 1985, Hughes 1994, Burkepile and Hay 2010). For example, speciesspecific effects of teleost herbivores on the colonization and succession of macroalgal
communities can be critical in enhancing reef resilience in the face of disturbance (Burkepile
and Hay 2010). Herbivores such as teleosts, turtles, and invertebrates are widely
recognized as being able to exert considerable top-down impacts on primary producer
communities (Poore et al. 2012). Marine plants – algae and seagrass – are important
components of benthic assemblages on tropical reef and soft sediment communities,
competing for space with corals, and providing habitat and food for a range of fish and
invertebrate species. Thus the dynamics between marine plants and grazers was
determined to be an important aspect of understanding the ecological function of primary
producers on Browse Island. The project aims to determine the rates of herbivory on the reef
platform at Browse Island and to identify the predominant species of teleost grazers. The
role of grazers was assessed in four different ways; 1) an algal tethering assay was set up to
examine loss in macroalgal biomass due to grazing, 2) video footage of the algal tethers was
examined to identify herbivorous fish, and their grazing rates on turf algae 3) herbivore
exclosure cages with algal settlement tiles were deployed for six months to evaluate turf
algal growth in the presence and absence of herbivores, and 4) turtle presence was
quantified.

4.2 Methods
4.2.1 Setup of tethering assays
Tethering assays were conducted on the reef flat surrounding Browse Island during the postwet (April) season of 2016, and the pre-wet (October) season of both 2016 and 2017. A
cyclone prevented tethering assays from being conducted during the post-wet season of
2017. These tethering assays were conducted in a similar manner described in Burkholder
et al. (2012), with a few modifications to account for location and surface deployment.
Briefly, marcroalgae were collected from the reef flat during low tide while reef walking. We
also collected some specimens of brown algae that were found drifting on the water surface
from a tender vessel. A total of six available macroalgal species were used for tether assays:
Sargassum sp. (Phaeophyta, brown), Turbinaria sp. (Phaeophyta, brown), Caulerpa sp.
(Chlorophyta, green), Halimeda sp. (Chlorophyta, green), Neomeris sp. (Chlorophyta,
green), and Galaxaura sp. (Rhodophyta, red, only found in October 2017). Due to the
tendency of Neomeris sp. to deteriorate significantly once detached from the reef, it was
determined unsuitable for tether trails and no data on this species are reported. Turf algae
was abundant throughout the reef, but herbivory rates on turf were undetectable through
surface area loss methods. Therefore, we chose to determine herbivory rates on turf algae
by quantifying fish bite rates in video footage (see section 4.2.2).
Collected macroaglae specimens were separated into replicate servings, which were
individually numbered and photographed. Each serving was cable tied to a mesh
deployment bag (~32 cm x 18 cm), with a control serving of the same species placed inside
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the bag to prevent access by herbivores. For each deployment, ~10 mesh bags were cable
tied to a 3 m transect chain at ~5 cm intervals. The chain was attached to a weighted milk
carton and lowered over the side of the tender vessel using float lines attached at the end of
the chain and to the milk carton (Fig. 4.1a). A GoPro Hero (Black Edition; with extended
battery pack) camera was mounted onto the milk carton facing the chain prior to deployment
which allowed the tether trial to be recorded for ~2 h. In 2017, herbivory deployment
apparatus was slightly modified to include two chains (Fig. 4.1b), ensuring no movement of
mesh bags. Each tether assay was deployed for a 24-h period at seven locations on both
northern and southern reef flat sites. The same sites were used for the pre- and post-wet
season trials and in both years, with two additional sites used during the pre-wet season trial
of 2016 (Fig.4.2).

a)

b)

Figure 4.1. a) Deployment of an herbivory trial from the tender vessel using the initial setup, which was used
in April and October 2016. b) Modified herbivore tether apparatus showing the tether bags attached to two
chains. This was used in October 2017.

Upon retrieval of each deployment, the mesh bags were detached from the transect chain
and stored in a cooler until returned to the main vessel where they were placed into a flowthrough chamber of ambient ocean water. The servings were then rephotographed; allowing
an observer to determine the precent area lost (± 5%) by visually comparing the before and
after photographs (Fig. 4.3). All photographs were taken on a 1-cm incremented photo
board with the camera set at a standard height of 20 cm above the specimen.
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Figure 4.2. Deployment sites for herbivory trials at both north and south locations around the island. Sites
marked in black were used in both seasons, whereas the two sites marked in yellow were only used in
October 2016.

Figure 4.3. Mesh tether bag showing Galaxaura sp. (red) and Halimeda sp. (green) prior to (left) and after
(right) deployment on the reef flat for 24h in October 2017.
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4.2.2 Fish observations
Video footage collected during tether trials provided further information on the fish
assemblage and grazing patterns over the reef flat. Over 110 hours of underwater video
footage (April 2016 – 50 h; October 2016 – 32 h, and October 2017 – 28 h) was obtained out
of which ~40 h has been analysed for teleost diversity. Any fish species entering the field of
view were recorded. Video footage will also be analysed for teleost feeding on turf algae by
quantifying fish bites per 5-min interval. Fish species identified during reef walking were also
recorded. The observations from this study were compared to the findings of an earlier study
conducted in the intertidal reef pools of Browse Island in 2006 (Comrie-Greig and Abdo
2014).

4.2.3 Settlement tiles with herbivory exclosure cages
A hervivory experiment consisting of settlement tiles for macroalgal recruitment and
exclosure cages to prevent grazing was deployed in April 2017. Twenty-four blocks were
deployed on both the south and north reef flat. The experiment quantifies the potential for
algal growth in the absence of fish herbivory and investigates whether the lack of diverse
and palatable macroalgae is due to rapid removal by herbivores.
During the October 2017 field trip, after six months of deployment, the blocks were retrieved.
Blocks were located on foot during reef walking at low tide. We located 23 of the 24 blocks
on the southern reef flat and all were in good condition (Fig. 4). On the northern reef flat,
only 9 of the original 24 blocks were found, many of the blocks were partially buried or had
moved, and the cages were flattened or damaged. It seems likely that the blocks had been
buried in sand or pushed into deeper water by currents and waves as the April 2017 cyclone
passed close overhead. A float rope was tied to each block during reef walking on low tide,
and retrieved on the subsequent high tide from the tender by pulling them up with the
attached ropes. The blocks were loaded onto the back deck of the vessel, inspected,
photographed (Fig. 5), and the tiles removed. Each pair of tiles was photographed using a
camera mounted at a fixed distance (Fig. 6). The photographs will be evaluated for percent
cover and taxa of algae. Tiles were frozen and taken back to CSIRO for further processing.

ARP7.2/UWA/AIMS/RT/45

44

January 2018 Revision: 1

Shell/INPEX ARP7-2 Milestone 2017 Report #2

UWA and CSIRO

Figure 4.4. Herbivory tiles and cages in situ on the reef flat to the south of Browse Island.

Figure 4.5. Block with two tiles after 6 months deployment on the southern reef flat. Herbivore exclosure
cage to the left and an open tile to the right.
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Figure 4.6. Tiles from the block in Fig. 5 above: tile from the enclosure cage (left) and the open tile (right).

4.2.4 Turtle observations
Turtles were observed in the water from the tender vessel and in the herbivory video
footage. Any sightings of turtles on the reef flat were recorded during reef walking. We also
noted the presence of fresh turtle tracks up and down the beach to nesting sites at the top of
the beach, the presence of old turtle eggshells and deceased turtles at the top of the island.

4.2.5 Statistical analyses
All statistical analyses were conducted in R v.2.14.0 (R Development Core Team 2015).
Differences in the area loss of algae from controls and grazed tethers were compared with
Mann-Whitney U Tests.

4.3 Results
4.3.1 Herbivory
We found no obvious signs of herbivory on the tethered macroalgae (Table 4.1.). The
percent loss of Sargassum sp. showed no significant difference between the tethered and
control samples (U = 5291, p = 0.37), with a mean area lost < 5% during both seasons.
Similarly, Halimeda sp. also had a mean area loss of ≤ 5% over all deployments, Galaxaura
sp. had a mean loss of <6%, and Turbinaria sp. showed no indication of any tissue loss.
Although tethered Caulerpa sp. showed a much higher percent loss 10 – 25% compared to
all other algal species, it was not significantly different than its controls (18%, Mann-Whitney
U Test; U = 653, p = 0.41), indicating that like Neomeris sp., this species of algae was
inversely affected by the tethering deployment process. These results were further confirmed
by the video footage where no fish were seen grazing on the tethered algae. Fish were,
however, observed grazing on turf algae attached to the reef surrounding the tether setup
while in the field of view of the camera (see section 4.3.2 below).
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Table 4.1. Percent loss (by surface area; mean ± SD) of grazed (tethered to outside of the mesh bag) and
control (inside the mesh bag) algae. The number of replicates (n) for each species are indicated in brackets.

Sargassum

Halimeda

Caulerpa

Turbinaria

Galaxaura

Post-wet
(April 2016)
NNW

Grazed

3 ± 3 (71)

1 ± 2 (31)

South

Grazed

4 ± 4 (70)

1 ± 2 (28)

All Reef Flat

Control

4 ± 5 (73)

Pre-wet
(October 2016)
NNW

Grazed

South

Grazed

4 ± 10 (20)

All Reef Flat

Control

2 ± 4 (20)

5 ± 17 (38)

25 ± 22 (39)

2 ± 5 (20)

10 ± 19 (11)

0 ± 0 (9)

18 ± 16 (27)

0 ± 0 (9)

(October 2017)
NNW

Grazed

3 ± 16 (70)

6 ± 12 (70)

South

Grazed

1 ± 2 (70)

1 ± 3 (70)

4.3.2 Reef Flat Fishes
After viewing ~40 h of video footage, we identified a total of 80 teleost species from 22
families including 16 known herbivores and seven omnivores (Table 4.2.) totalling 23
species of fish – this is around 30% of the total number of species observed so far at Browse
Island Reef – that may utilize primary producers as a source of food. These observations
suggest that plant matter may be an important diet component for the fish communities on
the reef flat despite the lack of grazing evidence in our tethering trials. Several herbivorous
species of Surgeonfish (Acanthuridae) and damselfish (Pomacentridae) used the reef flat.
We also observed Naso tuberosus, which are known to feed on turf and other small green
algae, specifically Caulerpa sp. (Choat et al. 2002), which was found on the reef flat. Direct
observations of herbivory were made for the convict surgeon fish (Acanthurus triostegus),
the lined bristletooth (Ctenochaetus striatus) and the unicornfish (Naso sp.), which were
observed grazing on the turf algae on the reef adjacent to the tether setup while in the field
of view of the camera. The current study identified over twice as many teleost species at
Browse Island compared to what had previously been documented by Comrie-Greig and
Abdo (2014) (Table 4.2.).
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Balistidae

Belonidae
Blenniidae
Carangidae
Carcharhinidae
Chaetodontidae

Dasyatidae
Diodontidae
Gobiidae
Haemulidae
Labridae

ARP7.2/UWA/AIMS/RT/45

Feeding
Mode

2017

Acanthuridae

2016

Family

!
!
!
!
!
!
!
!

!

!

H
D
H
H
H
A
A
A

Rhinecanthus aculeatus

!

!

O

Rhinecanthus rectangulus
Balistoides viridescens
Strongylura leiura
Tylosurus gavialoides
Blenniella periophthalmus
Caranx melampygus
Carcharhinus
melanopterus*
Chaetodon auriga
Chaetodon citrinellus
Chaetodon lineolatus
Chaetodon lunula
Chaetodon melannotus
Chaetodon speculum
Chaetodon trifascialis
Heniochus acuminatus
Dasyatis kuhlii*
Diodon sp.
Cryptocentrus sp.
Diagramma
pictum/labiosum
Anampses melanurus
Anampses meleagrides
Cheilio inermis
Coris aygula
Coris caudimacula

!
!
!
!
!
!

!
!

O
C
C
C
C
C

Choat et al. 2004
Crossman et al.2005
Choat et al. 2004
Wyatt et al. 2010
Choat et al. 2002
Sommer et al. 1996
Choat et al. 2002
Crossman et al.2005
Hiatt & Strasburg 1960,
Chen et al. 2001
Hiatt & Strasburg 1960,
Sandin & Williams 2010
Chen et al. 2001
Manjakasy et al 2009
Manjakasy et al 2009
Hiatt & Strasburg 1960
Potts 1980

C
I
I
I
Co
Co
Co
Co
I
C
C
C

Papastamatiou et al. 2007
Pratchett & Berumen 2008
Pratchett & Berumen 2008
Pratchett 2005
Pratchett 2005
Pratchett 2005
Pratchett 2005
Berumen & Pratchett 2008
Pratchett et al. 2013
Last & Stevens 1994
Bulman et al. 2001
Pogoreutz & Ahnelt 2013

I
C
C
C
C
C

Salini et al. 1994
Kramer et al. 2016
Sandin & Williams 2010
Elliott & Bellwood 2003
Sandin & Williams 2010
Kwak et al. 2015

Taxon
Acanthurus grammoptilus
or auranticavus
Acanthurus olivaceus
Acanthurus nigrofuscus
Acanthurus triostegus
Ctenochaetus striatus
Naso brachycentron
Naso tuberosus
Naso unicornis

!
!
!
!
!
!
!
!
!
!
!
!

!
!
!

!
!
!

!

!

!

!

!

48

!

!

!

!
!
!

2006

Table 4.2. List of fish by family and species observed in video footage collected on the reef flat at Browse
Island. The year observed, and feeding mode (A=algivore, C=carnivore, Co=coralivore, D=detritovore,
H=herbivore, I=invertivore, O=omnivore, P=planktivore, U=unknown), with reference, is listed for each
species. As a comparison, we have indicated whether the species were recorded in a survey conducted
around Browse Island in 2006 (Comrie-Greig and Abdo 2014). Note: All video footage has not yet been
analysed.

!
!

Reference
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Lutjanidae

Monacanthidae
Mugilidae
Muraenidae

Pomacentridae

Pseudochromidae
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Coris pictoides
Gomphosus varius
Halichoeres binotopsis
Halichoeres chrysus
Halichoeres hortulanus
Halichoeres
margaritaceus
Halichoeres trimaculatus
Labroides dimidiatus
Thalassoma hardwicke
Thalassoma jansenii
Lethrinus obsoletus
Lethrinus sp.
Lutjanus decussatus
Lutjanus fulviflamma
Lutjanus russelli
Lutjanus vitta
Unknown filefish*
Mugil cephalus*
Valamugil buchanani
Echidna zebra*
Gymnothorax sp.*
Siderea picta*
Abudefduf sexfasciatus
Abudefduf vaigiensis
Amphiprion ocellaris*
Amphiprion perideraion*
Amphiprion sp.*
Chromis fumea
Chromis viridis*

!
!

Chrysiptera biocellata
Chrysiptera cyanea
Dascyllus aruanus
Dischistodus melanotus
Dischistodus
prosopotaenia*
Plectroglyphidodon
leucozonus
Pomacentrus auriventris
Pomacentrus brachialis
Pomacentrus milleri
Neopomacentrus
violascens
Stegastes lividus
Pseudochromis paranox
Pseudochromis sp.

!
!
!
!

!
!
!
!
!
!
!
!
!
!
!
!
!
!

!
!
!
!
!
!
!
!

!
!

!

!
!
!

!
!
!
!
!
!
!
!
!
!

!
!
!
!

!

!

!

!
!
!
!

!

!
!
!
!
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!

C
I
C
C
C

Sandin & Williams 2010
Sanderson 1991
Sandin & Williams 2010
Sandin & Williams 2010
Elliott & Bellwood 2003

C
C
C
C
C
O
C
C
C
C
C
H
O
C
C
C
C
H
H
P
H
P
P
P
O
P
P
H

Kramer et al. 2016
Nakamura et al. 2003
Grutter 1997
Mitchell et al. 2015
Kramer et al. 2016
Nakamura et al. 2003
Nakamura et al. 2003
Nanami & Yamada 2008
Sandin & Williams 2010
Salini et al. 1990
Mori 1983
Sandin & Williams 2010
Eggold & Motta 1992
Sandin & Williams 2010
Mehta 2009
Mehta 2009
Durville & Chabanet 2009
Frederich et al 2009
Durville & Chabanet 2009
Fautin & Allen 1997
Fautin & Allen 1997
Fautin & Allen 1997
Song & Kim 2015
Coughlin & Strickler 1990
Gluckmann & Vandewalle
1998
Kuo & Shao 1991
Kuo & Shao 1991
Cowlishaw 2014

A

Nakamura et al. 2003

A
U
P
P

Allen & Randall 1980
Brandl & Bellwood 2014
Sandin & Williams 2010
Sandin & Williams 2010

P
A
C
C

Mequila & Campos 2007
Allen & Randall 1980
Brandl & Bellwood 2014
Ashworth et al. 2014
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Scaridae

Scarus chameleon
!
Scarus sp.
!
Tetraodontidae
Arothron nigropunctatus
!
Canthigaster rivulata
!
Zanclidae
Zanclus cornutus
!
* indicates species observed during reef walking

!

!

D
D
O
H
O

Choat et al. 2004
Choat et al. 2004
Ling 2012
Sandin & Williams 2010
Randall 1955

4.3.3 Turtles
Browse Island is known to be an important nesting site for Green turtles and they have also
been observed grazing on algae there (Guinea 2013). Turtles were observed from the
tender, the main vessel and/or during reef walking on all field trips in 2016 and 2017 (Table
4.3).

Table 4.3. Summary of turtle sightings around Browse Island. The majority of these were green turtles (see
text). Each trip lasted 4.5 – 5.5 days and included 3 – 4 reef walks. Turtles observed in the video footage are
not included here.

Trip
2016
2017

Fresh tracks

On reef (n)

In water (n)

Mating pairs (n)

Total Turtles (n)

April

Yes

3

10

–

13

October

Yes

12

18

2 pairs

34

April*

Yes

–

1

–

1

2 pairs

30

October
Yes
10
16
* Limited reef walking was carried out on this trip

On all four field trips, we observed numerous tracks up and down the beach daily and freshly
dug nests at the top of the beach (Fig. 4.7). The presence of a large number of eggshells
also indicated a period of active nesting. Our observations in both 2016 and 2017 are
consistent with a much higher level of nesting activity occurring in October compared with
April. More than eight dead green turtles were observed on the southern end of Browse
Island. In October 2016, one seemed to be recent (< 2 weeks) and in October 2017, two had
only been dead for weeks to months.
In April 2016, three turtles were observed on the beach in the process of returning to the sea
after nesting, whereas in October 2016 we made 12 observations of green turtles stranded
on the reef flat, presumably after having laid eggs (or attempted to dig a nest) the night
before. In April – May 2017, reef walking was limited and no turtles were observed during
low tide, but in October of the same year we saw 2 – 4 turtles on the reef flat during each
reef walk.
In addition, 10 turtles were observed in the water off the reef in April 2016 and 22 turtles
including two mating pairs were observed in the water in October 2016. Most of these were
green turtles, although one smaller turtle, perhaps a Hawksbill turtle was also observed (in
October). On the April – May 2017 field trips, only one small turtle (30 – 40 cm) was
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observed in the water near the Browse Express and not identified, although it was too small
to be a nesting Green turtle. During the October 2017 trip, we spotted 18 turtles in the water
including two pairs of mating turtles. So far, at least two subadult turtles have also been
observed on the video footage from the tethering setups.

Figure 4.7. Fresh turtle track running up the beach is indicative of active nesting (April 2017).

4.4 Herbivory summary
We found no evidence from the herbivory trials of grazing on the tethered macroalgae.
However, the accompanying video footage yielded important information regarding the fish
community on the reef flat, and provided direct observations of teleost herbivory on turf
algae, which can be an important food source for many small teleost grazers (Choat et al.
2002). We identified 80 teleost species from 22 families including 16 herbivorous and 7
omnivorous species. This record has more than doubled the previous species list for the
island. The identification of herbivores and omnivores on the reef flat, and the direct
observations of grazing on algae in our video footage, suggest that turf is an important
dietary component for these fish communities. Analysis of the exclosure experiment will help
to reveal the extent to which herbivores limit the growth of turf algae over the reef flats of
Browse Island. Combined, the limited diversity in macroalgae observed throughout the
intertidal reefs of Browse Island, the calcareous nature of the macroalgal species observed,
and the suggested importance of turf algae, provide insight into the environmental conditions
that challenge the Browse Island intertidal reef inhabitants.
Browse Island is a nesting ground for green turtles and we saw signs of active nesting during
all field trips. Turtles were encountered on the reef flat and in the water, including mating
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pairs in October 2016 and 2017. Our observations are consistent with significant turtle
activity at Browse Island and a higher level of nesting activity occurring in October compared
with April. We did not see any active feeding around the island, so cannot say how important
this might be as a feeding ground for turtles.
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5. Reef Metabolism
5.1 Introduction
In addition to possible changes in the cover and assemblage, macroalgal cell metabolism
may be affected by hydrocarbon contamination. The toxic effects of hydrocarbons on
macrophytes can be broadly split into two categories: those associated with coating of the
surface of the plants, which reduces CO2 uptake and light penetration to photosynthetic
tissues, and those due to uptake of toxins (Lobban and Harrison, 1994). Similarly, corals can
be physically affected by coating of tissues by hydrocarbons or suffer lethal and sublethal
effects due to toxicity of hydrocarbon compounds (Turner and Renegar, 2017). Many of the
recorded effects of hydrocarbon contamination on both corals and macroalge disrupt
metabolic processes, which can be measured through changes in photosynthetic rates or
respiration.
We used on-ship respirometry and PAM fluorometry to determine the ‘normal’ ecological
state of the reef primary producers. No measurements were made in April 2017 as the trip
had to be cut short due to the passage of TC Frances.

5.2 Methods
5.2.1 On-ship respirometry cores
Production and respiration incubations of six types of macroalgae and six species of coral
were undertaken on the back deck of the Browse Invincible. A submersible pump was used
to create a flowing seawater system utilising four 60-litre tubs in a shade-free spot. Each tub
contained six incubation cores fitted with a stirring cap and a sample port (Fig.5.1). The flow
through system ensured the cores remained at ambient temperatures. Samples were
collected through a port in the lid of each core. As the sample was removed, the same
volume of liquid (approximately 35 ml) was automatically replaced from the flowthrough tank
into the core so that the core volume remained constant through the experiment.
Specimens of coral and algae for the incubations were collected from the main taxa found on
the reef while reef walking. Algae included the calcifying green alga Halimeda sp., the green
alga Caulerpa sp., an unidentified red fleshy alga and turf algae assemblage. Corals
included Pocillopora sp., Goniastrea sp., Porites sp., Heliopora sp., Acropora sp. and
Seriatopora sp. Respiration was measured for pieces of turf algae as well as a combination
of turf + substrate, which included a piece of the substrate rock they grew on. Additional drift
algae of the genus Sargassum collected from the tender were also measured in April 2016.
Whole colonies of coral small enough to fit inside the incubations cores were collected to
minimise damage to the colonial structure and possible metabolic changes as a result.
Measurements were done on 6 – 12 replicate incubation cores per taxa except where not
enough individuals could be found (e.g. Seriatopora sp. in October 2016) (Table 5.1). A
small number of replicates were lost due to sampling errors. Samples from the holding tanks
(Fig. 5.1) (n = 4) were measured at each time point to provide background fluxes.
After a period of acclimation, incubations were run over a four-hour period. The first half of
the incubations were conducted while the sun was at its zenith providing full irradiance to the
samples. After two hours of incubation the tubs were covered ensuring no light could enter
(PAR = 0). To estimate the oxygen produced or consumed during the incubations, a 40 ml
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water sample was extracted from each of the 24 cores and the 4 tubs at the beginning of
each setup and hourly during the incubations. Samples were immediately analysed for
temperature, dissolved oxygen and pH. A second 35 ml water sample was collected from
each core and tub and split into one 10 ml vacutainer for alkalinity and duplicate 10ml sterile
vials for nutrient analyses. Nutrient samples were immediately frozen and later transported
back to Perth for nitrate, phosphate, silicate and ammonia analyses. Alkalinity samples were
stored cool and dark and transported back to Perth for total alkalinity measurements. The
oxygen measurements were used to calculate rates of photosynthesis and respiration.
These rates were converted to carbon (C) to calculate the production (mg C area-1 day-1) for
each species. All algal and coral specimens were frozen immediately after incubations
transported back to Perth to be assessed for wet weight and surface area.
Table 5.1. Taxa used in on-ship incubation experiments including the number of replicate specimens
measured (one specimen per incubation core).

Algae

Coral

April 2016
12
6
12
-

October 2016
6
6
6
-

October 2017
6
6
6
6
6

Pocillopora sp.
Goniastrea sp.
Porites sp.
Heliopora sp.
Acropora sp.
Seriatopora sp.

6
6
5
-

6
6
6
6
5
4

6
6
6
6
6
6

Seawater control

-

-

6

Taxa
Halimeda sp.
Turf algae + substrate
Turf algae
Sargassum sp.
Caulerpa sp.
Red algae

The surface area of corals, Halimeda spp. and turf + substrate samples were estimated
using a wax dipping method (Veal et al. 2010). Specimens were dried, weighed and then
dipped in paraffin wax at 65 °C. The waxed samples were weighed again and the weight of
the wax calculated. The surface area was estimated against a calibration curve of wax
weight as a function of surface area constructed by wax dipping geometric wooded objects
of known size. The surface areas of soft algae was estimated from photographs in imageJ.
The changes in the O2 concentrations measured were standardised to a rate expressed as
mmol per day by dividing the measured change in O2 with the duration of the interval since
the last measurement. Average net fluxes of oxygen in light and dark for each species were
calculated by summing the average rates measured in light and dark for each sample. The
net O2 flux (net flux = daytime flux + nighttime flux) was converted to primary productivity
(PP) in mg C per day.
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Figure 5.1. Setup of respirometry incubations on the back deck of the Browse Invincible.

5.2.2 Pulse Amplitude Modulated (PAM) Fluorometry
Maximum quantum yield, which is the difference between the minimum and maximum
fluoresence signal from a dark adapted leaf given a saturating pulse, is used as a measure
of stress where a lower quantum yield is considered an indication of sub-optimal
performance. Whereas measuring photosynthetic rates is time-consuming, the use of Rapid
Light Curves (RLCs) allows us to quickly estimate the Electron Transport Rate (ETR), which
is analogous to the photosynthetic rate in a plant where equilibrium to a given light intensity
has not been reached.

Figure 5.2. PAM Fluorometry measurements of macroalgae collected at Browse Island.

PAM fluorometry was carried out on the three dominant taxa of macroalgae; Halimeda sp.,
Caulerpa sp. and turf algae found on the reef flat in October 2016 and October 2017 (Fig.
5.2). Maximum quantum yield measurements and rapid light curves were carried out
between 11 am and 2 pm on 7 – 10 replicate samples per taxa. For yield measurements
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specimens were dark-adapted for 2 h prior to measuring. Relative ETR (rETR) was
calculated using an absorption factor of 0.65, which is commonly used for aquatic plants. We
also calculated alpha (the initial slope of the RLC) and the minimum saturating irradiance
(Ik).

5.3 Results
5.3.1 Metabolic rates
The seawater controls (October 2017) showed that the contribution of the seawater itself to
production and respiration was minimal. Oxygen decreased by ~0.009 mmol O2 day-1 in the
light incubations and decreased by ~0.11 mmol O2 day-1 in the dark incubations. No
correction for this was therefore deemed necessary.
In April 2016, one specimen of Sargassum sp. measured a positive O2 flux during the dark
incubation and 4 of the Halimeda sp. specimens (out of 12 replicates) measured a negative
O2 flux during the light incubations. These replicates were removed from further analysis.
In the light incubations, when any change in O2 results from primary production minus
respiration, all taxa showed an increase in O2 (Fig. 5.3, top). Corals generally had the largest
increase in O2, except in October 2017, when the red algae specimens had a net flux of
~300 mmol m-2 day-1 (Fig. 5.3, top). Corals and red algae also had the highest loss of O2 in
the dark incubations when respiration consumes O2 (Fig. 5.3, middle). Net productivity (Fig.
5.3, bottom panel) was positive for algae and highest for turf and red algae, which were only
measured in October 2017. Specimens of turf growing on rocky substrate a negative net
productivity as loss of O2 in the dark exceeded the net production in the light. The majority of
coral incubations also showed a net loss of O2 resulting in negative net productivity. This
suggests that corals were mainly heterotrophic during the periods measured and relied on
active feeding for growth.
In light incubations, pH generally increased, except for Halimeda sp. in April 2016 and
October 2017, which showed a very small decrease or no change (Fig. 5.4, top panel). The
pH decreased in all incubations in the dark indicating production of CO2 through respiration
(Fig. 5.4, middle). The net pH change over the incubations was generally negative except for
non-calcified algae, which raised pH in the incubation tanks by as much as and 0.05 – 0.15
units (Fig. 5.4).
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Figure 5.3. Net changes in oxygen (means ± se) in light (top) and dark (middle) incubations of fleshy algae
(green), calcifying algae (blue), turf + substrate (orange) and coral (pink) standardised by specimen surface
area. The bottom panel shows the net productivity (means ± se) converted to mg of C (carbon).
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Figure 5.4. Net changes in pH per hour for each incubation core (means ± se) in light (top) and dark (middle)
incubations of fleshy algae (green), calcifying algae (blue) and coral (pink). October 2017 also included a
seawater control. The bottom panel shows the net change in pH (means ± se).
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Figure 5.5. Net change in O2 versus pH after 2 h incubation in light and 2 h incubation in darkness. The data
are grouped into broad categories (a) and by Genus (b). Linear relationships are fitted with the 95%
confidence intervals shown in gray.

The net change in O2 over the incubations was correlated to pH so that an increase in O2 in
a net productive incubation corresponded to an increase in pH (Fig. 5.5). The increase in pH
was particularly large per unit of O2 for algae, both fleshy and calcifying types (Fig. 5.5 a). In
corals, the relationship was highly variable and a much smaller change in pH was seen, in
fact, Acropora, Heliopora and Pocillopora showed no change in pH with increasing O2 (Fig.
5.5 b). This is possibly linked to rates of calcification or dissolution of the calcified coral
skeletons. We will be able to assess this further once the alkalinity data have been analysed.
Table 5.2. Photosynthetic parameters of three macroalgae from the reef flat at Browse Island. Showing the
mean ± se for maximum quantum yield (Yield), relative maximum Electron Transport Rate (rETRmax), alpha
and Ik (the number of replicate samples measured for Maximum quantum Yield (n(Y)) and the number of
replicate Rapid Light Curves (n(RLCs)).

Species

n (Y)

Yield

n (RLCs)

rETRmax

alpha

Ik

October 2016
Halimeda
10
Caulerpa
10
Turf
10

0.584 ± 0.02
0.766 ± 0.01
0.465 ± 0.04

5
6
7

44.8 ± 5.0
65.5 ± 9.1
113.26 ± 13.6

0.22 ± 0.01
0.29 ± 0.02
0.18 ± 0.01

207.8 ± 22.0
235.5 ± 42.2
626.6 ± 63.9

October 2017
Halimeda
10
Caulerpa
10
Turf
10

0.546 ± 0.04
0.687 ± 0.03
0.534 ± 0.02

7
7
7

34.8 ± 3.0
80.8 ± 10.0
71.8 ± 13.4

0.36 ± 0.03
0.41 ± 0.03
0.28 ± 0.02

101.1 ± 14.7
203.3 ± 29.7
125.9 ± 47.6
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5.3.2 Photosynthetic parameters
The mean maximum quantum yield measured on 10 individuals of each species was
different among the three taxa sampled, but fairly consistent between the two years (Table
5.2). This suggests that it might be a useful measurement to detect stress in the algae and
that the valued obtained here could serve as a baseline. There was considerable variation in
the photosynthetic parameters derived from the RLCs both among species and between the
two sampling occasions. These parameters respond to a number of external factors, e.g. the
ambient light intensity, which might explain the interannual variability. The large differences
observed mean that RLCs are less useful to indicate plant health.

5.4 Summary reef metabolism
The metabolic measurements analysed so far show differences among taxa. Algae showed
net productivity of 42 – 1200 mg C m-2 day-1. Corals generally showed negligible (April) or
negative (October) net productivity indicating they are heterotrophic and rely on feeding in
addition to photosynthesis by zooxanthellae to sustain growth. The strong link between
metabolic rates and pH were demonstrated as changes in pH during the incubations. The
net changes in O2 were linearly related to pH except for some coral species where
calcification may have taken place.
Patterns in metabolism among primary producers at Browse Island were similar to those
found at Curaçao and Mo’orea islands (Smith et al. 2013). As we observed for Browse
Island; fleshy and calcified algae showed net diel oxygen production, whereas corals
(Porites sp. and Madracis sp.) generally consumed oxygen, i.e. were net heterotrophic. The
study by Smith et al. found that the relationship between pH and oxygen fell broadly into two
categories; metabolic changes in O2 in non-calcifiers (mainly fleshy and turf algae) produced
large changes in pH (steep slopes) whereas calcifying organisms (coral – Porites sp. and
Madracis sp., and algae – Halimeda sp.) produced little or no change in pH (shallow slopes).
Our study showed a similar pattern, except for the calcifying alga Halimeda sp. and the
corals Seriatopora sp., Porites sp. and Goniastrea sp., which all produced a large change in
pH in response to primary production and respiration, i.e. had slopes of O2 versus pH similar
to those of the non-calcifiers. Until we have analysed the alkalinity samples, we are not able
to separate the effect of net metabolism (productivity/respiration) from calcification or
dissolution on seawater pH, which allow us to further explore these differences.
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6. Other observations
6.1 Diversity of invertebrate fauna
The low level of diversity of invertebrates on the reef flat observed on all four trips was
striking. The most common coral taxa observed were Pocillopora sp., Stylophora pistillata,
Seriatopora hystrix, Montipora sp., Goniastrea sp., Tubipora cf. musica, Acropora (two
branching species) plus Acropora cf. palifera and a massive form of Porites sp. A branching
Porites sp. was also present but uncommon. Soft corals and sponges were present but not
abundant. Few species of echinoderms were observed, Linckia laevigata (common, Fig.
6.1.), Linckia guildingii (once), Culcita novaeguineae (uncommon), Echinometra mathaei
(uncommon). Bohadschia sp. (once) and Holothuria atra (uncommon). Four species of
molluscs, Tridacna maxima, Cypraea tigris, Cypraea moneta and Cypraea annulus were
observed although these observations were relatively superficial and carried out over a short
period. Several shells of Trochus niloticus were observed near the island shoreline however
no live specimens were seen. It is likely the shells would have been washed or transported
to this area from reef flat or crest/slope habitats.

Figure 6.1. A blue Linckia laevigata – one of the common invertebrates found during reef walking – in the
soutwestern reef lagoon at Browse Island (October 2016).

6.2 Birds
Colonies of nesting greater crested terns (Thalasseus bergii; Family Laridae) were observed
in April of both 2016 and 2017 (Fig. 6.2). During 2016, birds were observed nesting on the
north-western side of the island (-14.107265°, 123.548096°), in a colony of approximately
1000 birds. Mostly eggs, but also some newly hatched chicks were present (Fig. 6.3). The
colony size observed in 2017 was approximately three times greater than that of 2016, and
rather than one main colony, there were up to seven discrete colonies distributed along a
200m stretch of the north-western side of the island. During the 2017 field trip, the stage of
development of the young was more advanced, with a greater number of hatchlings than
eggs (Fig. 6.3).
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Grey reef herons and a brown booby were also observed during the April 2016 trip. No
nesting of terns were observed during the October field trips, but grey reef herons and cattle
egrets were common on the island. Other birds observed on and around the island were:
brown boobys, rainbow bee-eater, groups of 6 – 8 sand pipers, plovers (one pair with four
nearly fully grown chicks – likely greater sand plovers), fork-tailed swifts, storm petrels and
bridle terns.
Historically, Browse Island was regarded as a significant Australian guano island, indicating
that it was once a productive breeding seabird site (Serventy 1952). Data from 1978
estimate a colony of ~ 300 adult crested terns, with 400 eggs, while an April 2010 study
found a much larger colony of adults crested terns, totalling approximately 4200 adults
(Clarke 2010). The seabird specific survey conducted in April 2010, also noted Eastern reef
egrets, brown boobies, lesser frigatebirds, ruddy turnstone, sooty tern and the common
noddy. The infrequency of seabird surveys at Browse Island emphasizes the importance of
documenting these opportunistic observations, as limited information currently exists.

Figure 6.2. Terns nesting on Browse Island in April of 2016 (above) and 2017 (below).
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Figure 6.3. Tern eggs on Browse Island in 2016 (above) and hatchling with parents in 2017 (below).
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7. Conclusions
The reef habitats around Browse Island were dominated by macroalgae, which covered
more than half of the benthos. Hard corals were most abundant on the reef slope and were
present in all other habitats. Other minor groups observed were sponges, ascidians,
bacterial mats, cnidarians (other than octocorals and hard corals) and echinoderms. There
appear to be some interannual differences in the benthic community composition and the
cover of different aspects (North, South, East and West) varied. Further analyses of season
and aspect along with an assessment of the statistical power to detect change in cover
between surveys will be carried out when the image analysis for 2017 has been completed.
The oceanographic data showed complex patterns of O2 and pH, which were influenced by
diurnal patterns in metabolism and by the movement of water masses across the reef flat. In
April 2017, the effect of light intensity on O2, pH and temperature appeared depressed. This
occurred during a period of elevated turbidity associated with the passage of TC Frances,
which may have supressed primary productivity. This will be further explored to ascertain if
this was caused by the cyclonic activity.
The ‘larger’ macroalgae growing around Browse Island, e.g. Halimeda sp. and Caulerpa sp.
do not appear to be an important food source for fish. We found no evidence of grazing on
macroalgae in the tethering experiments; however, in the accompanying video footage we
observed fish pecking on turf algae, indicating that this may be an important dietary
component. Small algae growing in turf assemblages as well as possible microalgae, and
detritus may therefore support the food web on the reef. We identified 80 teleost species
from 22 families including 16 herbivorous and 7 omnivorous species. Browse Island is a
nesting ground for green turtles and we saw large numbers of turtles and signs of active
nesting during all field trips. It is not clear whether turtles also rely on the reef around Browse
Island as a feeding ground, as we did not see any direct evidence of this.
Metabolic studies of 5 key reef algal and 6 coral primary producer species showed that algae
produced around 42 – 1200 mg C m-2 day-1 whereas corals generally showed negligible
(April) or negative (October) net productivity. Corals, therefore, were net heterotrophic during
the periods tested and rely on feeding in addition to photosynthesis by zooxanthellae to
sustain growth. The strong link between metabolic rates and pH were demonstrated as the
net changes in O2 were linearly related to pH except for some of the coral incubations where
calcification may have taken place.
The data collected in the four field trips will serve as a baseline for Browse Island against
which to assess future change. A full analysis of seasonal and interannual differences will be
carried out once all of the raw data has been processed.
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