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ABSTRACT

Context. Primary production on coral reefs varies under changing conditions such as light and
nutrient availability. This variation causes changes in basal stable isotopes as photosynthetic and
nutrient pathways change. Aims. This study provides a preliminary baseline of nitrogen (5'°N)
and carbon (8'3C) stable isotope profiles in Symbiodinium and macroalgae at a spatial scale and along
a depth gradient around an island. Methods. Coral fragments and macroalgae were collected at
depths from the surface to 26 m. 5'°N and §'3C stable isotope values were assessed for Symbiodinium
relative to cell density per surface area. Key results. 5'°N values showed a uniform nutrient profile
across primary producers. However, chlorophyll-a and Symbiodinium density from Montipora stellata
had higher concentrations on the southern side of the island. 5'°N values of Symbiodinium from
Stylophora pistillata and macroalgae did not change with depth. Depth was associated with a
significant decrease in Symbiodinium density, and 8'3C values in macroalgae. Conclusions. We
attribute these findings to Symbiodinium from S. pistillata as depth increases, decreasing cell
density but maintaining chlorophyll-a concentration to satisfy the coral-host nutrient
requirements. Implications. This study sets the scene for future, more comprehensive
research on detecting carbon and nitrogen stable isotope values on primary producers in coral reefs.

Keywords: carbon, depth, macroalgae, nitrogen, nutrient, nutrients, photogrammetry, primary
productivity, SIA, stable isotope baseline, Symbiodinium, Vanuatu.

Introduction

Primary production in tropical coral reefs occurs from a range of organisms, including corals
and macro-, epiphytic and symbiotic algae. The rate of primary production is dictated by
environmental factors and an organism’s ability to adapt or acclimate under local condi-
tions (Hoey et al. 2016; Baums et al. 2019). Changes in light and nutrient availability are
key drivers of primary production in coral ecosystems that can alter photosynthetic and
nutrient pathways of primary producers (Brandl et al. 2019; Johnson et al. 2020).
However, the response of primary producers to environmental changes is unlikely to be
uniform and may depend on the type of species and magnitude of change (Perry et al. 2011).

Scleractinian corals are sensitive to environmental change, particularly variations in
local nitrogen (Lapointe 1997; Hoegh-Guldberg and Williamson 1999) and light (Tremblay
et al. 2015) availability. Environmental change can modify coral metabolism (Fabricius
2005) and growth (Carricart-Ganivet et al. 2000), which are then reflected in changes to
their soft tissue and preserved skeletal structure (Wheeler and Bjornséter 1992; Chan et al.
2016; Mollica et al. 2018). The relationship between host corals and their endosymbiotic
zooxanthellae is complex and also depends on environmental conditions (Baker 2003).
Carbon and nitrogen are essential for Symbiodinium photosynthesis, and for the transloca-
tion of organic molecules to the coral host (Ezzat et al. 2017). Photosynthetic rates for
Symbiodinium are generally higher in shallow water and high light conditions (Reynaud
et al. 2009), whereas photosynthetic production conversely decreases under diminishing light
conditions and increasing depths (Gattuso et al. 1993; Anthony and Fabricius 2000).
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However, Symbiodinium in some species of coral can uncouple
this relationship and maintain or increase their photosyn-
thetic activity in low light conditions (Lesser et al. 2010;
Seemann et al. 2012). Light thus plays a key role in regulating
the amount of carbon translocated from Symbiodinium to the
coral host, facilitating respiration and growth (Ezzat et al.
2017). This is particularly important in shallow-water corals
because photosynthetically-fixed carbon from Symbiodinium
may provide >70% of their daily carbon budget (Tanaka
et al. 2006). This relationship between scleractinian corals
and Symbiodinium, and their patterns of interactions with
abiotic parameters, offers an opportunity to use corals as
bioindicators to assess changes in water quality, trace-nutrient
inputs, and nutrient recycling (Reynaud et al. 2009).

Macroalgae grow alongside coral on many reefs and can act
as bioindicators of nitrogen by providing accurate records of
nitrogen assimilation (Umezawa et al. 2002) and temporal
information of biologically available nitrogen in the environ-
ment (Costanzo et al. 2001). Although being similar in their
use as bioindicators, corals and macroalgae differ in the
way they assimilate nitrogen. Macroalgae readily assimilate
nutrients directly from the water column (Koop et al. 2001)
or from heterotrophs (Williamson and Rees 1994), whereas
uptake in hermatypic corals depends on nutrient recycling
with their symbiotic algae, in addition to nutrient availability
in the water column (Grottoli et al. 2006; Tanaka et al. 2010).
It is therefore expected that stable isotope signatures of
macrophytes will directly relate to exogenous nutrient avail-
ability, whereas the nutrient recycling that occurs in coral
tissues will act as a mediator to environmental conditions.
Because of this, one can also hypothesise that nutrient signatures
of algae, such as macroalgae and their associated algal
epiphytes, that are directly exposed to the external environ-
ment would differ when compared with those of coral
endosymbiotic algae in the same habitat.

Stable isotopes are widely used to examine photosynthetic,
nutrient and carbon pathways in marine environments such as
coral reefs (Risk et al. 2009; McMahon et al. 2016; Eurich et al.
2019; Koweek et al. 2019). In corals, nitrogen isotopes can
discriminate natural and anthropogenic sources of nitrogen,
and trophic level by associating the degree of autotrophy or
heterotrophy (Owens 1988; Muscatine et al. 2005; Risk et al.
2009). Similarly, carbon stable isotopes can be used as a tool
to discriminate carbon fixation pathways (Fry and Sherr 1989;
Seemann 2013). The effects of depth on coral and macroalgal
stable isotopes have been examined (Sherwood et al. 2008;
Alamaru et al. 2009); yet, the effects of depth and mixotrophy
on the stable isotope values of Symbiodinium are not well
understood.

Little is known of the status of the coral reefs in the
Republic of Vanuatu (‘Vanuatu’). Vanuatu is considered a
Small Island Developing State (SIDS), which is typified by a
vulnerability to impacts associated with climate change, such
as an increase in the frequency of extreme weather events,
coastal erosion, increases in water temperature, and coral
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bleaching (Buckwell et al. 2020). For example, bleaching
events in Vanuatu caused mass mortality of corals in 2002,
and Cyclone Pam caused severe damage to 80% of hard
corals in 2015 (Sulu 2007; Burke et al. 2012). In addition,
Vanuatu does not harbour a sophisticated sewage treatment
system, and much of the terrestrial waste occurs as runoff into
adjacent reefs (Mosley and Aalbersberg 2003). These make
Vanuatu, and particularly the island of Efate where the majority
of Nivans reside, an interesting location for analysing the
nutrient profiles of key reef-associated primary producers by
using stable isotope analysis.

Here we examined spatial changes in nutrient sources of
Symbiodinium from two common scleractinian corals and
associated algae on a shallow coral lagoonal reef in
Vanuatu by using stable isotope analysis (SIA). The following
questions were asked: (1) can SIA detect spatial changes in
nutrient signatures (i.e. nitrogen and carbon) for primary
producers on a lagoonal reef at a medium scale (i.e. zones
around a small island, north, south, east, west); (2) do nutrient
profiles of coral endosymbionts differ from those of adjacent
macroalgae and epiphytes in a shallow coral lagoonal reef;
and (3) does depth influence any nutrient uptake detected
in Symbiodinium, macroalgae or epiphytes? For the second
question, we hypothesised that in the shallow reef waters,
endosymbiotic algae within corals would maintain a uniform
nutrient profile because of nutrient recycling between
Symbiodinium and the coral host, whereas the nutrient
profile of macroalgae (and their epiphytes) would exhibit
grater variation linked to exogenous nutrient availability.
Finally, we hypothesised that nutrient availability would change
as depth increased and light decreased, driving differences in
N and C isotopic signatures for macroalgae and epiphytic
algae, but not for Symbiodinium because their ability to compen-
sate by increasing chlorophyll-a (Chl-a) concentration and cell
density in the coral host.

Materials and methods

Study site and sample collection

Endosymbiotic algae, macroalgae and epiphytes were sampled
from the shallow fringing reef surrounding Hideaway Island
(17°41'49.2324"S, 168°15’49.0788"E) located in Mele Bay,
Efate, Vanuatu, in December 2017 (Fig. 1). Mele Bay is
among the more adversely affected sites in Vanuatu (Mosley
and Aalbersberg 2003), receiving pollution and high nutrient-
load discharges from Tagabe River, including septic runoff
(Poustie and Deletic 2014). Additionally, Hideaway Island
is located at the mouth of two freshwater rivers that discharge
to the north-west and north-east of Hideaway Island. Ten sites
were chosen across the reef flat at Hideaway Island, and
subsequently categorised into zones according to their cardinal
locations in relation to Hideaway Island (western, eastern and
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Mele Bay

Fig. I.

Hideaway Island

Hideaway Island (17°41/49.2324"S, 168°15/49.0788"E), Vanuatu. Eastern collection zones are shown in black,

southern zones in purple, and western zones in blue. Collection sites are numbered from | to 10. Depth sampling occurred
on the south-western end of the reef wall, between the southern and western zones. Image courtesy of Google Earth.

southern). North of the island was excluded from sampling
because of a lack of fringing reef in that direction.

The branching scleractinian coral Montipora stellata and a
mix of two species of macroalgae, namely, Actinotrichia
fragilis and Galaxaura rugosa, commonly occur on the reef
flat surrounding Hideaway Island (T. M. Smith, 2017, pers.
obs.). These macroalgae routinely occur together and typically
contain small amounts of attached epiphytic algae. This coral
(known to harbour endosymbiotic algae), and macroalgae
were haphazardly collected at the 10 sites along the reef
flat. At each site, three small fragments of live M. stellata
(~5-cm tip of a branch) were removed on snorkel at 1-m
depth from healthy colonies (Fig. 1) for stable isotope
analysis. To ensure that the primary producers came from the
same microenvironment, the macroalga closest to the sampled
coral was also identified and removed. After collection, all coral
and macroalgal samples were placed in individual resealable
bags and immediately frozen at —20°C until processing.

To assess the effect of depth on primary producers, one
coral fragment (~5 cm tip of a branch) and one adjacent
macroalga were collected haphazardly at each depth, while
swimming in a zig-zag pattern from depth to the surface
over a depth gradient ranging from 26 to 3 m on SCUBA at

the south-western area of Hideaway Island. This area was
chosen because of its depth profile, but also because it was
one of the more distant areas from the river mouths. Because
few or no M. stellata colonies could be found at depths greater
than 3 m on the reef slope, the scleractinian coral Stylophora
pistillata, which occurred across this depth gradient, was
sampled instead. Similarly, G. rugosa was not found across
the depth gradient; however, Amphiroa rigida and A. fragilis
were consistently present; therefore, the closest macroalgal
mix of these species to the sampled coral at each depth was
collected. Samples were immediately individually bagged
and frozen at —20°C until processing.

Symbiodinium preparation

In the laboratory, coral host and endosymbiont tissue were
removed from the calcium carbonate skeleton for each coral
fragment by using a Waterpik Ultra Water Flosser filled with
reverse-osmosis (RO) water. The resulting slurry for each
sample was placed in a 50-mL centrifuge tube and homogenised
using a knife mill (Retsch GM200) set to Speed 2 for 5 min.
Three aliquots of 1 mL were separated from the resulting
homogenised slurry of each sample to assess Symbiodinium

603


www.publish.csiro.au/mf

S. Godinez-Espinosa et al.

Marine and Freshwater Research

density. Additionally, three aliquots of 1.5 mL were taken
from each slurry to perform measurements of Chl-a concentra-
tion. The remaining slurry samples containing host tissue and
Symbiodinium were centrifuged (Eppendorf 5810 R) at 1700g
and ambient temperature for 5 min to separate the host
tissue from Symbiodinium. To ensure all coral host tissue was
removed, the pellet containing Symbiodinium was resuspended
with 5 mL RO water followed by centrifugation at 600g for
5 min (Wong et al. 2017). Symbiodinium pellets were oven
dried at 60°C for 48 h, then ground to a fine powder by
using a mortar and pestle, and a quantity of 1-2 mg of each
sample was weighed into tin capsules for isotope analysis.

To determine the density of symbiont cells in the coral
fragments, eight replicate counts were conducted from each
1-mL aliquot collected above from each sample. Aliquots
(10 pL) from the coral host tissue-Symbiodinium slurry were
added to a 0.1-mm-deep Improved Neubauer Haemocytometer
and cells were counted immediately under a light microscope
at 40x magnification (Olympus BX51, Japan). The 1.5-mL
aliquots of the homogenised coral host tissue-Symbiodinium
slurry of each sample were centrifuged (Eppendorf 5810 R)
at 600g for 5 min in a 3-mL tube. The supernatant was
discarded and the pellets containing Symbiodinium cells were
used to extract Chl-a. A volume of 1 mL of cold 100% acetone
was added to each Symbiodinium sample. Pigments were then
extracted for 24 h at 4°C (Grottoli et al. 2004). The absorbance
of Symbiodinium extract was measured at 630, 660 and
750 nm by using a spectrophotometer (SPECTROstar Nano,
BMG Labtech Plate Reader), and the Jeffrey and Humphrey
(1975) equation for dinoflagellates was used to standardise
the Chl-a concentration.

Surface-area determination for coral

Determination of surface area for coral fragments was impor-
tant to estimate endosymbiotic algal densities and Chl-a
concentration. Structure from motion photogrammetry
(House et al. 2018) was used to determine the surface area
of each coral fragment. Each individual coral fragment was
placed on a rotating table next to a 3 x 3-cm scale and
overlapping photographs were taken while rotating the
sample in a clockwise direction. Image processing was
performed using Agisoft Photoscan Professional (ver. 1.2.5,
Agisoft LLC, Saint Petersburg, Russian Federation). Images
were aligned using the high to medium accuracy setting,
with a key point limit of 40000 and a tie point limit of
1000. Previous research on similar coral morphology showed
no difference in accuracy between the high and medium
settings (Raoult et al. 2017). The software then determined
the camera position and generated points into a three-
dimensional space (Fig. 2). This was followed by the
generation of a dense point cloud, again by using the medium
to high quality and an aggressive depth filtering. Once the
point cloud was generated, a mesh was built from the over-
lapping images with the following settings: arbitrary surface
type, dense cloud source data, high face count, and enabled
(default) interpolation. On completion of the mesh build,
two markers were placed on the limits of the 3 x 3 square
scale to create a scale bar. The model of the coral fragment
was then manually trimmed from the rest of the mesh under
high resolution, and any holes in the mesh were closed by
using the mesh tool, as per Raoult et al. (2017).

Fig. 2. Agisoft Photoscan workflow for Stylophora pistillata; (a) aligned points from the coral images into a three-dimensional (3-D) space;
(b) alignment of pictures (in blue) and the creation of the dense point cloud; (c) creation of the high polygon mesh of the coral fragment and
the scale from the dense point cloud; (d) cropped and completed 3-D model of the coral fragment, including the markers on the scale.
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Prior to using ‘structure from motion’ photogrammetry, a
preliminary evaluation was performed to compare the results
of this method against the aluminium-foil method developed
by Marsh (1970). Importantly, although surface-area estimates
produced by both methods were statistically indistinguishable,
values derived from ‘structure from motion’ photogrammetry
exhibited the lowest mean coefficient of variation across
coral fragments and as such, this was selected as our method-
of-choice when normalising cell densities and Chl-a concen-
tration to surface area in this study.

Macroalgal and epiphyte preparation

Macroalgae and attached epiphytic algae were cleaned and
separated following an adaptation of the technique described
by Zimba and Hopson (1997). Each macroalga was placed in a
200-mL screw-top jar and RO water was added until the
macroalga was completely covered. The jar was closed and
manually shaken for 40 s to remove the epiphytes from the
macroalga. The macroalga was then removed from the jar
and the epiphyte slurry, and the surface of the macroalga
was visually assessed and any remaining epiphytes were
carefully removed using scalpel and forceps. After removal
of epiphytes, the macroalga was rinsed with RO water and
oven dried for 48 h at 60°C. Each epiphyte slurry had non-
algal epiphytes removed, and was then mixed and filtered
through a 100-pym mesh before baking oven-dried for 48 h
at 60°C. All samples were ground to a fine powder by using
a mortar and pestle, and 6-8 mg of powdered tissue was
placed into a separate tin capsule for subsequent stable
isotope analysis.

Stable isotope analysis

Samples were analysed for nitrogen (!°N:'N) and carbon
(13C:'2C) stable isotopes by using a Furopa EA GSL elemental
analyser coupled to a Hydra 2022 mass spectrometer (Sercon
Ltd, UK) at Griffith University (Nathan Campus, Brisbane,
Qld, Australia). Precision of this spectrometer is within
0.1% for 8!°N and &'3C values (Raoult et al. 2015). Ratios
of PN:™N (8'°N) and 3C:12C (5'°C) were expressed as the
relative difference between the sample and a standard of
atmospheric nitrogen (*°N) and Pee Dee Belemnite (13C), in
parts per thousand (%o). Elemental precision relative to
standards was 0.2 for 5'3C and 0.1 for 5'°N.

Statistical analysis

All statistical analyses were performed using RStudio (ver.
1.1.453, Posit Software, PBC, Boston, MA, USA, see https://
posit.co/) and R (ver. 3.4.4, R Foundation for Statistical
Computing, Vienna, Austria, see https://www.r-project.org/).
First, it was necessary to determine the optimal coral surface-
area measurement technique. Linear mixed models with the
package Ime4 (ver. 1.8.5, see https://CRAN.R-project.org/
package=lme4; Bates et al. 2015) were used to compare the

surface-area measurements obtained with structure from
motion photogrammetry and the aluminium-foil method. For
this analysis, surface area was the response variable and the
method used was set as a fixed effect, and sites (1-10) and
coral replicates (A, B, C) were treated as random effects.

ANOVA, linear regression models and paired Student's
t-tests were used to test for differences in cell densities,
Symbiodinium, Chl-a concentration and §'°N and §'3C values
around Hideaway Island and along a depth gradient. Cell
densities, Chl-a concentration and &§'°N and §'°C values
around the island were analysed separately by using a nested
ANOVA, where zone (eastern, western, southern) around the
island was treated as a fixed factor and site within each zone
was treated as a random factor. To assess whether there were
more specific spatial differences around the island, a one-way
ANOVA where site was treated as a factor was performed for
each variable. Post hoc Tukey HSD tests were performed if
there was a significant difference across zones and sites in
each analysis, by using the package emmeans (ver. 1.1-33,
see https://cran.r-project.org/package=emmeans). Differences
in cell densities, Symbiodinium Chl-a concentration and 5'°N
and 8'3C values across a depth gradient were compared in
separate linear regression analysis using the Ime4 package.
Additionally, an analysis was performed comparing Chl-a
concentration that had been standardised for surface area
at different depths by using a linear regression. A paired
Student's t-test was used to test for differences in the §'°N
and 8'3C values between macroalgae and epiphytes at each
site and depth.

Results

Surface-area determination for coral

No significant difference between the measurements of coral
surface area calculated from photogrammetry and the
aluminium-foil method was observed (Fg 47 = 9.44, P = 0.07).
However, coral surface-area data derived from photogrammetry
exhibited a lower coefficient of variation (55.5 %) than did
those from the aluminium-foil method (59.6%). Therefore,
the calculated area of each coral fragment determined by
photogrammetry was used to normalise the Chl-a concentra-
tion and Symbiodinium density to surface area in square
centimetres for all coral fragments.

Coral endosymbiont density and Chl-a
concentration

For M. stellata, Symbiodinium cell densities (F, = 5.53,
P = 0.03; Fig. 3a) and Chl-a concentration (F,; = 4.72,
P = 0.05; Fig. 3b) were significantly different among the
three zones. Samples collected at the southern zone had
the highest Chl-a concentration in Symbiodinium, as well as the
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Table I. Mean (+I s.e.) cell densities and chlorophyll-a (Chl-a)
concentration of Symbiodinium from Montipora stellata, from the
three zones (eastern, western, southern) around Hideaway Island.

Zone Cell density Chl-a concentration
(10° cells cm™2) (ng cm3)
Eastern 11.46 + 0.94 11.88 + 0.58
Western 10.70 + 0.91 10.22 + 0.92
Southern 17.15 + 1.19 16.27 + 1.67

highest average cell density compared with the western and
eastern zones (Table 1).

Cell densities and Chl-a concentration of Symbiodinium from
S. pistillata differed in their responses to depth (F; 3; = 14.64,
P < 0.001, R? = 0.26). Symbiodinium cell density decreased
significantly as depth increased (F; 3, = 10.38, P < 0.001,
R? = 0.12; Fig. 4a); however, surface area-normalised Chl-a
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concentration remained unchanged with depth (F; 37 = 2.06,
P = 0.15, R? = 0.03; Fig. 4b).

Spatial changes in the nutrient signatures of
primary producers

The 8'°N mean values for Symbiodinium from M. stellata did
not differ significantly among the three zones however,
significant differences were observed at the site level (Table 1;
Fo16 = 21.49, P < 0.01). Specifically, Symbiodinium §'°N
values from Site 1 in the western zone were higher than
those from the remaining of the nine sites (P < 0.01). The
majority of macroalgae collected from each site had epiphytic
algae attached. No significant differences in 6'°N values of
macroalgae and epiphytes were observed among the three
zones (Table 2); however, nutrient signatures were much more
variable for both macroalgae and epiphytic algae than for the
endosymbiotic algae. However, significant differences in
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8
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Fig. 4. Mean (x| s.e.) (a) cell densities (10° cells cm™), and (b) chlorophyll-a (Chl-a) concentration (ug cm™) of Symbiodinium from

Stylophora pistillata along a depth gradient.
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Table 2. Values (mean =+ s.e.) of §'°N and 8'3C of Symbiodinium from Montipora stellata, macroalgae (mix of Actinotrichia fragilis and Galaxaura
rugosa) and epiphytes from the three zones (eastern, western, southern) around Hideaway Island.

Zone 8'N%o Symbiodinium  §'>N%. macroalgae 8'>N%. epiphytes §'*C%o Symbiodinium  §'*C%. macroalgae §'*C%o epiphytes
Eastern 4.1 +0. 6.4+ 0.6 23+02 —14.0 £ 0.2 -9.9 +£03 —13.4+£07
Western 44 +0.1 51 +06 27 +03 —13.8 +0.1 -9.1 +03 -144+07
Southern 42 +0.1 6.0+ 0.4 34+03 —144 £ 0.1 —10.1 £ 0.2 -137+ 1.0

macroalgal 8!°N values were detected when the 10 sites
around the island were analysed independently regardless
of zone (Fgp0 = 3.36, P = 0.01). Specifically, the &'°N
values of macroalgae from Site 5 in the eastern zone were
significantly higher than those from Sites 2 (P = 0.04) and
4 (P < 0.01) within the western zone (Fig. 5). Overall, §'°N
values of epiphytes were lower than those of the macroalgae
(Table 2).

Significant differences were detected between §'3C values
of Symbiodinium (Fa3 = 3.77, P = 0.03) among the three
zones around Hideaway Island (Fig. 6). Symbiodinium indi-
viduals from the western zone were significantly more enriched
than those from the southern zone (P = 0.01). However, the
8!3C values of Symbiodinium from the southern and eastern
zones were similar (post hoc Tukey P > 0.1), together with
the eastern and western zones (P > 0.5). The mean &!3C
values of macroalgae and epiphytes collected at the three
different zones around Hideaway Island at the same depth
exhibited no differences among the zones, but were highly
variable within a site (Fig. 6). Overall, the macroalgae
collected around the island displayed the highest &'3C

values compared with those of Symbiodinium and epiphytes
(Table 2).

Depth changes in the nutrient signatures of
primary producers

Values of §'°N for Symbiodinium from S. pistillata ranged from
3.9%o0 at 23.5-m depth to 5.2%0 at 26-m depth (Fig. 7).
No significant influence of depth was observed for §'°N
from Symbiodinium (F; ¢ = 1.59, P = 0.23). §!°N values for
macroalgae ranged from 2.8%o at 15.8-m depth to 4.8%o at
6.6-m depth. 8'°N values for epiphytes varied along the
depth gradient, with the lowest §'°N value of 2.6%o at
13.6- and 17-m depth, and the highest value of 4.6%o at
23-m depth (Fig. 7). No influence of depth on the §'°N
values of macroalgae (F;15 = 0.67, P = 0.43) or epiphytes
(F1,08 = 1.23, P = 0.28) was observed. No significant
differences were observed between the mean §'°N values of
the macroalgae and the epiphytic algae (P = 0.61). Overall,
815N values of Symbiodinium were higher than those of the
macroalgae and epiphytes.

Symbiodinium Macroalgae Epiphytes
7.5
} (]
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Fig. 5. Values (mean + s.e.) of 8'°N of Symbiodinium from Montipora stellata, macroalgae, and

epiphytes around Hideaway Island. Zones in relation to the island are denoted by: w, western;
e, eastern; s southern.
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Depth had a significant influence on the §'3C values for
macroalgae, but not for the epiphytes or Symbiodinium.
813C values of Symbiodinium from S. pistillata ranged from
—18%o at 14.3-m depth to —15.2%o at 10.4-m depth. §'3C
values of Symbiodinium exhibited no differences across depth
(F1,11 = 1.81, P = 0.21 R?2 = 0.06). §'3C values of macroalgae
ranged from —20.3%o at 19.4-m depth to —4.2%o0 at 17-m
depth, whereas §'3C values of the epiphytes ranged from
—24.8%o at 26.4-m depth to —6.1%o at 22.1-m depth. §'3C
values differed significantly (P < 0.001) between the macroal-
gae and epiphytes along the depth gradient. Macroalgal §'3C
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values were higher than the epiphyte 5'3C values, and both
displayed high variability in values along the depth gradient
(Fig. 8). 8'3C values of macroalgae varied significantly with
depth (F; 2, = 15.47, P < 0.001, R? = 0.39), whereas no
influence of depth was observed in &!'3C values of the
epiphytes (F;,8 = 2.3, P = 0.15 R? = 0.06). Macroalgal
samples collected at depths of less than 20 m displayed
813C values up to —10%o, and those collected at depths
deeper than 20 m displayed values lower than —10%o. Overall,
the §'3C values of Symbiodinium from S. pistillata were more
depleted than the §'3C values of macroalgae and epiphytes
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and displayed lower variability along the depth gradient
(Fig. 8).

Discussion

This study examined the nutrient profiles of primary
producers on a coral reef flat at a spatial scale and examined
the influence of depth on the basis of the function of the
producers. The results presented here provide a preliminary
baseline for future studies that analyse N and C stable
isotopes in benthic primary producers, both at this location,
and on similar reef flats. Such baselines provide a useful
benchmark tool for assessing anthropogenic pollution, tracking
nutrient sources and waste management, and understanding
how the relationship among photosynthetic, nutrient and
carbon pathways in coral reefs may be affected by future
climate change.

Spatial changes in the nutrient signatures of
primary producers

Although clear nutrient profiles could be obtained for
Symbiodinium, macroalga and epiphytic algae, none of
these functional groups of primary producers showed clear
spatial patterns of nutrient signatures for nitrogen or carbon
at the zonal or site resolution in our study. As such, we were
unable to demonstrate that stable isotope analyses can be used
to detect spatial changes in primary producers in a lagoonal
reef at the scale of this study. However, several factors
that could account for this result. Notably, sampling was
conducted at a medium scale (i.e. <1 km) around a
small island and at only a single point in time, noting that
nutrient availability can differ seasonally in coral reef
environments (Hatcher 1990). Clearly, a more comprehensive

26 m.

and extensive study that measures nutrients in the surround-
ing water, in addition to the nutrient profiles of the primary
producers, is warranted, ideally encompassing additional
locations across multiple time scales so as to properly tease
apart the various factors at play.

Variability of nutrient signatures differed among samples
collected within sites for macroalgae and epiphytic algae, as
observed in the large standard errors at each site. Moreover,
generally both carbon and nitrogen values were higher for
macroalgae than for epiphytes. Such variances may have
been a result of species-specific nutrient profiles; however,
the different nutrient values among sites suggest otherwise.
Biotic interactions between benthic marine macroalgae and
other organisms are quite broad (Hurd et al. 2014). Most of
the macroalgae collected around Hideaway Island had
epiphytic algae attached, yet macroalgae displayed more
enriched 8'°N values than did their attached epiphytes. This
appears to contradict previous work that suggests that
macroalgae usually exhibit a decreased nutrient profile,
owing to the fact that epiphytes can access and utilise
nutrients before macroalgae, and further exacerbate the
issue by shading macroalgal tissue and thus restricting light
availability, as observed in Wright et al. (2000) in temperate
regions. Further research assessing macroalgae and epiphytic
algae at a species level rather than a functional level would be
beneficial.

SN values of Symbiodinium from M. stellata were
substantially less variable at the site scale than were those
of macroalgae and epiphytes. This observation supports the
hypothesis that macroalgae and epiphytes may be obtaining
nitrogen directly from the water column and, thus, may be
susceptible to the vagaries of variable exogenous nutrient
supply (Umezawa et al. 2002), whereas the endosymbiotic
algae can source nitrogen through nutrient-recycling within
the coral host, in addition to obtaining it directly from the
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environment (Grottoli et al. 2006). Interestingly, 815N values
for Symbiodinium (3.9-5%o) in our study were similar to those
reported for endosymbiotic algae in coral reef environments
lacking anthropogenic nitrogen sources, such as in Dongsha
Atoll, Taiwan 4.7%o (Wong et al. 2017). The 5'°N range of
macroalga in this study (2.8-8.8%o) was also lower than that
previously reported for macroalgae that utilise sewage as a
nutrient source, namely +8.5%o (Lapointe et al. 2005), or +9%o
(Costanzo et al. 2001). These results suggest that no anthro-
pogenic nutrient source was present that could be detected in
the 8'°N values of benthic primary producers around Hideaway
Island at the time of sampling. However, nutrient content in the
waters from the river sources and around Hideaway Island
need to be directly measured for nitrates, phosphates and
faecal coliforms to fully determine the nature and extent of
anthropogenic nutrient loading in this ecosystem.

Carbon SIA can be used as a tool to distinguish autotrophic
and heterotrophic sources (Seemann 2013). §!3C values
of Symbiodinium from M. stellata in this study (-13.1 to
—14.7%o0) were in a range similar to those previously reported
for several symbiotic corals of —10 to —13%o (Muscatine et al.
1989), —10 to —16%o (Risk et al. 1994), and —12 to —14%o
(Swart et al. 2005). These previous studies attributed this
range of §!3C values to autotrophy in endosymbiotic algae
obtaining recycled carbon sources from their hosts. The
narrow range of 8'3C values of Symbiodinium observed here
similarly indicates that the carbon sources are being recycled
from the coral host.

Carbon stable isotope values in macroalgae are primarily
associated with photosynthetic pathways (Cloern et al.
2002), which often exhibit great diversity across macroalgal
lineages (e.g. Zweng et al. 2018). As a result, differences in
macroalgal 8'3C values vary with species. Green algae are
usually more '*C enriched (—12%) than are red algae (—18.3%)
(Yamamuro et al. 1995; Wang and Yeh 2003). As with
nitrogen, therefore, differences in macroalgal and epiphytic
algal 8'3C observed in this study may be attributed to species-
specific differences in carbon sources. 5!3C values of macroalgae
had a narrower range and were more enriched (—7.6 to —11.1%)
than those of epiphytic algae (—8.3 to —17.8%) in our study,
displaying trends similar to those previously reported (Jaschinski
et al. 2008; Zheng et al. 2015). The more positive 6'3C values
observed in the macroalgal samples suggest that macroalgae
may rely more on HCO3™ as a nutrient source, whereas the
more negative 5'3C values observed in epiphytic algae suggest
that their main carbon source may be CO,. This affinity of
carbon sources may be the reason for the observed differences
in 8'3C values in the macroalgae and epiphytic algae, but it
needs to be empirically tested.

Depth changes in the nutrient signatures of
primary producers

Depth had a significant effect on the nitrogen and carbon
profiles for macroalgae, but not for either epiphytic algae
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or endosymbiotic algae. Concentrations of both nitrogen
and carbon decreased with an increasing depth in macroalgae.
High variability of nitrogen and carbon was observed for
macroalgae and epiphytes and this, coupled with a lack of
replication of depth profiles, makes it difficult to infer any
causal relationships here. Similar to our results, previous
macroalgal studies have found no clear pattern in these values
that could correlate to depth or taxonomy of the species
(Marconi et al. 2011).

Depletions in nitrogen and carbon isotopes with increasing
depths at Hideaway Island could be attributed to a reduced
rate of photosynthesis as a result of reduced light availability.
It has been previously reported that macroalgal species with
813C values more enriched than —10%o use HCO5~ as a carbon
source (Raven 1997). Therefore, we suggest that our macroal-
gae collected at waters 3-20 m deep with 8'3C values of —4.2
to —10%o may have also been using HCO3 ™ as a carbon source,
whereas macroalgae in deeper waters (below 20 m depth)
may have been using dissolved CO,, which has more depleted
8!3C values (Raven 1997). 8'3C values in macroalgae in this
study suggest that at shallow depths, macroalgae have higher
photosynthetic rates than, and utilise a different carbon source
from macroalgae from deeper waters. This suggests that
macroalgae in our study were relying on photosynthesis for
nutrient production.

The variability in cell density and Chl-a concentration
decreased for samples collected in depths of 15 m or greater
for Symbiodinium from S. pistillata in our study. These results
align with previous research that has shown that S. pistillata
increases its photosynthetic activity at depth to compensate
for the decrease in light, to satisfy the nutritional budgets
of the coral host (e.g. Mass et al. 2007). However, contrary
to our results, other studies have reported a corresponding
increase in Chl-a concentration for Symbiodinium from
S. pistillata as depth increases to 30 m (Gattuso et al. 1993).
While more research is required to understand why Chl-a
concentration did not appear to increase with depth in our
study, and the ubiquity of our results in terms of other depth
profiles and reefs, our results, nevertheless, remain a useful
baseline for future research in this region.

815N values of Symbiodinium from S. pistillata remained
consistent over the depth gradient. This indicates that any
changes in the isotopic composition of coral tissues over depth
may be driven by increased heterotrophy as corals reduce
their reliance on photosynthesis. Grottoli et al. (2006) found
that different species of coral differ in their trophic plasticity
depending on environmental factors such as depth, light, and
nutrient availability. 8'°N values obtained for Symbiodinium
here were higher than those previously reported for
S. pistillata endosymbionts, but followed the same trend of
no enrichment with an increasing depth (Alamaru et al.
2009). This could be explained by different 8'>N values of
inorganic nitrogen sources present, although this was not
explicitly tested in our study. Further studies should increase
the depth range at which corals are collected and assess the
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nitrogen and carbon isotopic composition of sympatric
symbiotic corals to determine whether the patterns observed
here apply to all endosymbionts.

Symbiodinium 8'3C values in this study did not show a
decrease with an increasing depth. Our results support
previous studies where no significant depletion in the §!3C of
Symbiodinium was observed above 30-m depth (Einbinder
et al. 2009). Although previous studies have documented
depletions in the §'3C values of Symbiodinium and coral tissue
with an increasing depth (Muscatine et al. 1989; Alamaru
et al. 2009), the observed depletion trends were significant
only from 15- to 60-m depth. The constant §'3C values of
Symbiodinium from S. pistillata along the depth gradient
align with the concept of recycling carbon sources between
the coral host and its symbionts (Reynaud et al. 2009).
Alternatively, a high rate of carbon and nitrogen recycling
between the coral host and Symbiodinium may occur as
depth increases, which could result in lower isotopic frac-
tionation (Einbinder et al. 2009). Symbiodinium may have
been using CO, from the coral host for photosynthesis
rather than externally available carbon sources in our study.
We conclude that depleted and constant 8'3C values of
Symbiodinium suggest that the carbon source might be sourced
from both photosynthesis and the coral host.

Implications

Our research is one of the first studies to successfully show
that SIA can be used to detect changes in nitrogen and
carbon signatures for primary producers to discern between
functional roles on shallow tropical reefs. Although this
study was small in scope, its uniqueness sets the scene for
future, more comprehensive research on detection of carbon
and nitrogen nutritional signatures on primary producers in
coral reefs more broadly. Understanding the origins of such
nutrients on coral reefs and how uptake may vary in relation
to nutrient availability and environmental factors may be key
in understanding drivers behind bright and dark spots on
coral reefs (Cinner et al. 2016).
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